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1. INTRODUCTION 
During the last two decades, particle physics has made significant progress in 
uncovering the fundamental constituents of matter and their interactions. Particles 
colliding at high energy gives us precious information of their behaviors. The next 
generation collider, which will reach TeV colliding energy, may reveal an entirely 
new world. The current view is that the microscopic world is composed of leptons 
and quarks building blocks (Table 1.1) and their interactions are described by gauge 
theory. 
The standard model, which combines the Glashow-Weinberg-Salam [1, 2] elec-
troweak model SU{2)i^ x t/(l)y and strong interactions SU(3)c gauge groups, have 
succeeded in every test of experiments thus far. Despite the success, however, it has 
serious drawbacks, e.g., seventeen undetermined parameters and the hierachy prob­
lem. These drawbacks have inspired work on the extensions of the standard model, 
including supersymmetry, composite models, technicolor, etc. The technicolor theory, 
whose phenomenology is the main topic of this thesis, is one of the extensions without 
the hierachy problem. The following paragraphs outline the current facts and basics 
in particle physics. 
Before we embark on the task of describing the technicolor theory of some of 
the phenomenology, we summarize the current status of the study of fundamental 
2 
Table 1.1. Some quantum number of fermions 
leptons SU(2) SU(3) U(l) Q (:),(;), (^'l, doublet singlet 2 (-")  
singlet singlet -1 -1 
quarks SU(2) SU(3) U(l) Q 
doublet triplet 6 ( A )  
singlet triplet « Ï  .1 
df i i ' i i ibn  singlet triplet 
« 
particles. The current fundamental particle spectrum duplicates the pattern into 
three families (see Table 1.1). Each family behaves just like the other families except 
for their mass differences. However, the top quark has not been found to complete 
the third family. The current lower bound on top quark mass is 78 GeV from the 
CDF group at Fermi National Laboratory [3]. 
Are there more families? According to the recent data on Z particles from the 
CERN LEP experiments [4], the measured width of Z, at the 95 % confidence level, 
allows only three families, if one assumes the neutrino of the fourth family to be light. 
Would the quarks and leptons be composite [5] as a recurrence of the past history? 
— 17 To find the answer, a very short distance probe has to be made, probably <10 
cm. No current accelerator in the world is able to break the sheU of compositeness if it 
exists. The projected Superconducting Super Collider (SSC), 40 TeV proton-proton 
collider, may just barely cross the line. Consequently compositeness is still an open 
question awaiting a more powerful collider to resolve it. 
What are the interactions among the fundamental constituents? Four fundamen­






Figure 1.1, Two concepts of gravitation 
(a) curved space-time gives gravitation (b) quantum gravity 
weak, and strong interactions. Gravitation, the force which guides the motion of uni­
verse, is perceived as a consequence of a curved space-time as suggested by Einstein, 
Figure 1.1 (a). Due to severe singularity, the quantized theory of gravitation (Figure 
1.1 (b)) was unable to handle the divergence to make the theory renormalizable. Only 
recently, the divergence could be canceled for the first time in superstring theory (6). 
However, we still are not sure if the superstring is the only solution to this problem. 
Electromagnetism, the force between charged objects, is the best known one among 
the four forces. The quantum version of electromagnetism (Figure 1.2 (a)), quan­
tum electrodynamics (QED), not only can be made finite (renormalizable), but also 
describes Ihb interaction of charged particles with amazing accuracy. 
The weak interactions mediate the decay of nuclei, e.g., neutron decaying to 
proton. The weak force exists also among leptons, for example, a muon decays to an 




Figure 1.2. The quantum interactions: (a) a QED process, (b) a QCO process 
was described by Fermi's four-fermion interactions [7], see Figure 1.3. The Fermi 
coupling constant, Gp, is measurable from /? decay, muon decay , or kaon decay, 
and the current experimental value is 1.16637 x 10~^GeV~^ [8]. However, the four-
fermion interaction scheme is unrenormalizable and violates unitarity at high energy. 
Later on the four-fermion interaction scheme was viewed as a low energy effective 
interaction mediated by heavy particles and W~. This intermediate-vector-
boson (IVB) theory faces same difHculties, for example, the high energy behavior of 
the process, */g + i/g —» W"^ + W~. The amplitude violates unitarity at high energy 
and the S-matrix is unrenormalizable in high order calculations. These problems can 
be resolved by adding a neutral particle I'K® and requiring certain relations between 
the couplings of neutral W and charged W to fermions, see Figure 1.4. 
Glashow proposed an interesting model [1] based on the SU(2)  x U{1)  gauge 
group. Not only did the model give the right relationships for couplings, but it 
also unified electromagnetism and weak interactions. Unfortunately, gauge theory 
(a) (b) 
Figure 1.3. Four-fermions and IVB interactions 
(a) Fermi's four-fermions interactions (b) IVB interactions 
as known did not allow massive gauge particles such as W^, and W^. Later, 
Salam and Weinberg [2] discoverd independently that the Higgs mechanism [9] can 
break the gauge symmetry (spontaneously symmetry breaking) and then give masses 
to the gauge bosons. Furthermore, t'Hooft and Veltman [10] proved that the Higgs 
mechanism does not spoil the renormalizability. The neutral current predicted in the 
Glashow-Weinberg-Salam model was discovered in the 1973 [11] and the particles 
mediating weak interactions, and Z (a combination of field of SU{2) and B 
field of f/(l)), in the model were discovered in 1983 [12]. 
Nucléons are held together in nuclei by a force we all strong interactions. This 
force was long known to be responsible for hadron resonances. Further analysis of 
systematics of such resonances led to their description in terms of three quarks, (u,d,s), 
substructure [13]. Now, the quantum chromodynamics (QCD) with six quark flavors 
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W 
(a) (b) 
Figure 1.4. i/i/„ —> W+IV" 
(a) unitarity violation at high energy 
(b) cancels bad behavior of (a) to hold the unitarity 
5(7(3) gauge group [14, 15). The strong force of QCD is mediated by gluons (Figure 
1.2 (b)) and is asymptotically free at short distances. Because the strong interactions 
become strong and nonperturbative at low energy, and nonperturbative calculation 
is still under development, the only method to deal with the nonperturbative region 
currently is the lattice gauge theory. Although all relevant experimental results seem 
to agree with QCD, more work on theory and experiment are needed to test QCDs 
further. 
A common ground for all interactions is the local gauge symmetry first discovered 
by H. Weyl [16] for electromagnetism and then later applied to the non-Abelian 
gauge by Yang and Mills [17] for nucléon interactions. We have already seen the 
gauge theories for electroweak and strong interactions. Gauge theory may not be the 
correct or final theory, but probably the principles learned from gauge theory for the 





lO'S io'9 E(GeV) 
Figure 1.5. Different running coupling constants vs. energy 
Nature may have more symmetry than we see in everyday life. What we usually 
see is a world with broken symmetry. We do not see electroweak gauge symmetry 
macroscopically because that symmetry only appears in short distances (< 10~^^ 
cm); see Figure 1.5. The symmetry breaking in the standard model is done by Higgs 
potential. The ground state (vacuum) is not trivial and the vacuum expectation value 
of the Higgs field fails to vanish, {<f>) ^ 0. Hence the solution of equations lose some or 
all symmetries the equation had before. This broken symmetry scheme is well known 
in a ferromagnet. The equations of motion of spins in a ferromagnet are invariant 
under rotation. However, all spins of ground state aligne in one direction when the 
temperature is low. Thus, the solutions no longer have rotational symmetry. 
In spontaneously symmetry breaking theory, a fundamental scalar field must be 
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introduced. One 517(2) doublet complex scalar field is needed in the minimum stan­
dard model. If Nature has more than one symmetry breaking step at different energy 
scales, more Higgs fields are needed. Higgs fields from the lower scale tend to merge to 
a higher scale through radiative corrections and spoil the large gaps among the multi-
breaking scales unless some other mechanism enters to prevent it. One mechanism 
is supersymmetry [18] which connects boson and fermion sectors. Supersymmetry 
introduces new particles which are partners of ordinary bosons and fermions with 
different spins such that the contributions of super particles cancel out the contri­
butions of ordinary particles in radiative corrections. Another mechanism assumes 
the Higgs fields to be composite particles and the symmetry breaking is due to new 
interactions, dynamical symmetry breaking. A theory based on new interactions that 
has drawn much attention is technicolor theory (TC) [19]. There are various models 
in TC. Generally, they contain new chiral fermions (techni-fermions) engaging in new 
interactions (TC force), Figure 1.6. Techni-fermions have global chiral symmetry if 
we neglect other interactions at high energy. The TC force gets stronger as energy be­
comes smaller (or distance becomes larger). When energy reaches a critical value, the 
TC force becomes so strong that techni-fermions begin to form bound states which 
give rise to a nontrivial vacuum and break the global chiral symmetry to a global 
vector symmetry. According to Goldstone [20], breaking a global symmetry intro­
duces massless Goldstone bosons. Since the global vector symmetry remains valid, 
all Goldstone bosons are pseudo-scalar. The pseudo Goldstone bosons, which have 
the same quantum numbers as and can couple and give masses to and 
W®. The rest of the pseudo Goldstone bosons are not massless because they still 
can acquire masses from QCD and electroweak interactions. The existence of pseudo 
9 
0  s o n  
Figure 1.6. Techni-fermions exchange TC gauge bosons 
Goldstone bosons is a strong signal for a new interactions such as TO force. 
Besides the problem in Higgs sector, the standard model contains too many 
uncalculable parameters (see Chapter 2) and makes itself unlikely to be an ultimate 
theory. The proposed machines of LHC (large hadronic collider) at CERN and SSC 
in the United States may be able to investigate the electroweak interaction above 
the symmetry breaking scale. Their main goals are to discover Higgs particles and 
further test electroweak theory. Future experiments performed at these accelerators 
will undoubtly shed light on the mystery of Higgs sector or the compositeness of 
fermions. 
In this thesis we will focus on the phenomenology of TC theory at the SSC. The 
standard model is briefly reviewed in Chapter 2. The TC model we will use is the 
Farhi-Susskind model  [21]  which has  four  SU{2)j^  double ts  of  fermions  wi th  the  SU{i)  
TC gauge group. The details will be reviewed in Chapter 3. Eichten et al. (EHLQ) 
[22] examined the productions of neutral technipions, (-^ Ql^Q — and 
10 
fg (~ Ql^^aQt are Gell-Mann SU(3) matrices), at the SSC through the process 
p + p^p<l ' (p f )  + x .  (1.1) 
EHLQ also calculated the branching ratios of various two-body tree decay channels 
of f ^  and Pg but neglected three-body decay channels. McKay et al. show that 
three-body tree decay channels are significant [23]. We will examine a production 
process in Chapter 4 for jP® and at the SSC [23, 24], 
p + p—^ f  ^  )  +  ^ ^(9)  +  (1"2)  
The total widths and branching ratios of the decay channels, in tree graphs and up 
to three-body for P^ and fg , have been recalculated and their analytical forms 
are presented in Chapter 5. Our calculation is not exact, since we did not include 
one-loop effects of the two-body decay modes. The one-loop effect together with the 
corresponding tree diagrams of three-body decay channel should eliminate the infrared 
divergence. Instead, we use a cutoff to circumvent the infrared divergence. The 
backgrounds of different signals from two-body decay channels are also investigated 
in Chapter 6. The use of (1.2) as process to search for and Pg is discussed in 
Chapter 7 where we also present our conclusions. 
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2. THE STANDARD MODEL 
The standard model is based on the 5î7(3)c x SU{2)£ x f/(l)y gauge group. 
So far no experiments disagree with the standard model. However, in the theoretical 
point of view the standard model is incomplete and allows for several possible exten­
sions. We will review the gauge principle in Section 1. In Section 2, we discuss the 
Glashow-Weinberg-Salam electroweak theory. The theory of the strong interaction is 
discussed in Section 3. Section 4 discusses briefly the unanswered questions of the 
standard model. 
2.1. The Gauge Principle 
The idea of gauging a field was invented by H. Weyl [16]. Yang and Mills [17] 
applied the idea to the isospin group of protons and neutrons. Their work inspired a 
lot of interest in the gauge field, but nothing was taken seriously until the unification 
of electromagnetism and weak force proposed by Glashow, Weinberg, and Salam [1, 2]. 
The gauge principle has become a guiding principle for all fundamental interactions: 
gravitation, weak, electromagnetic, and strong. 
Consider the Lagrangian of free massless fermion, 
C = (2.1) 
12 
Make a U(l) Abelian gauge transformation, 
V» -> / = Uia)i; = (2.2) 
The Lagrangian (2.1) is invariant under the global transformation (2.2) where the 
transformation parameter, a, is a constant. The conserved current of this global 
transformation is 
= 0, (2.3) 
where 
J(i = qiilni). (2.4) 
The charge operator Q which is defined as 
Q = j  Jç^d^x (2.5) 
is conserved. Q is a physical quantity not related to the dynamics. If we require that 
the  Lagrangian is  a lso  invar iant  under  a  local  U( l )  gauge t ransformat ion where  a{x)  
is an arbitrary function of spacetime coordinates, we must change (2.1). Under the 
local U(l) gauge transformation 
df i i}{df i t j } ) '  =  U{a){df i  -  (2.6) 
A necessary change is to introduce a vector field and replace df i  by a covariant 
derivative Dfi defined as 
Dfi = djj, + iqAfi. (2.7) 
If one requires the vector field Afi transformation as 
Afi —* A^ = Ajj, + dfioi, (2.8) 
13 
the transformation of Dfitp becomes 
{Dfirl^y = U{a){Dfiij). (2.9) 
Afi is called a gauge field. Using the covariant derivative Dfi, we rewrite the La-
grangian (2.1) 
= — qip 'y f ' i l jAf i  — ^F^^Ff iv  
= iif-it'dfirj) - J^'Afl - (2.10) 
where 
= dl^A^ - d'^Af^. (2.11) 
The last term in (2.10) is the kinetic energy part of Afi and is invariant under the 
transformation (2.8). Hence, the Lagrangian (2.10) is invariant under the local U(l) 
gauge transformation. From the local gauge invariance, the conserved current, J^, 
appears in the Lagrangian to interact with the field A/i, If we identify q as the charge 
of the fermion and Afi as the electromagnetic potential, the Lagrangian (2.10) is just 
the Lagrangian for a fermion field interacting with the electromagnetic field. The 
process described in Eqs. (2.7)-(2.11) to introduce an interaction is called gauging a 
field. Note that a vector mass term m^A^'An is not invariant under the transforma­
tion (2.8). So, the gauge field Afi must be massless. 
In the non-Abelian case, we consider the fermion fields which form an SU(2) 
doublet. 
i j j  = 





Under an SU(2) transformation, we have 
^  V; '  = U{9)i ;  = (2.13) 
where T = (r^,T^,T^) and 0 = {9^ ,6^ ,9^) .  T* are the SU(2) generators and satisfy 
the following commutation relation, 
[T\r;] = i,j,Jfe = 1,2,3. (2.14) 
pjk _ gijfc ^jg the structure constants. 9^ are the transformation parameters. 
The free Lagrangian (2.1) is invariant under global SU(2) transformation (tf* are 
constants), but is not invariant under local SU(2) transformation. Similarly to the 
U(l) Abelian case, replacing dfi by the covariant derivative Dfi 
Dfi  = {df i  — igT '  Bf i ) ,  (2.15) 
where g is the coupling constant in SU(2), requires to transform as 
(Dfi^) ' = U{9)iDp,ij). (2.16) 
Then Bfi field should be transformed as 
= U{9){T • Bfi )U- '^{9)  -  ^[9^C^(^)]£/-1(^). (2.17) 
For an infinitesimal transformation 9^{x)  < 1, 
U { 9 ) ^ l - i T - 9 ,  (2.18) 
Eq. (2.17) becomes 
4 -> (2.19) 
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The field strength tensor F^t/ for non-Abelian gauge field is defined as 
= d^Bi - duBj^ + (2.20) 
Tr{Ff^'^Ffii/) is gauge invariant. The gauge invariant Lagrangian of this example can 
be written as 
C = -  ^TriFt^^Ff iu) .  (2.21) 
The Lagrangian (2.21) describes the interaction among the gauge fields Bji and SU(2) 
doublet fermions. 
Different gauge group requires different gauge invariant Lagrangian and different 
interaction. If the gauge principle is indeed the principle by which interactions are 
introduced, finding the right gauge group becomes an ultimate goal in particle physics 
research. 
2.2. Glashow, Weinberg, and Salam Model 
Weak interactions are responsible for numerous types of particle decay such as 
the nuclear decay, muon decay, kaon decay, and the like. Fermi proposed the four-
fermion interaction for the (3 decay of the neutron n into proton p, electron e, and 
antineutrino (/, with the Lagrangian density Cp, 
m ^ p + e + P 
Cp - 4- h.c., (2.22) 
where Gp is the Fermi coupling constant [7]. Later on, extensive investigations on 
various decays unveiled a number of violations of the conservation law hold in the 
strong interactions. The non-conserved quantum numbers are space parity P, charge 
16 
conjugation parity C, combined parity CP, strangeness, charm, and some others. 
All known quarks and leptons can engage in weak interactions. Fermi's four-fermion 
interaction can be viewed as an effective low energy theory describing the interactions 
between fermion and the weak interaction force fields (see Figure 1.3). The interaction 
part of the Lagrangian can be written as 
Ci = g{J^Wfi + h.c.). (2.23) 
Lagrangian (2.23) is identical to the gauge interaction discussed earlier. We can treat 
the intermediate vector bosons as gauge fields. Since the Gauge bosons have to be 
massive, we can simply add its gauge non-invariant mass term in the Lagrangian by 
hand. However, such a theory is not renormalizable and violates unitarity at high 
energy. Glashow, Weinberg, and Salam (GWS) [1, 2] proposed a model that not only 
unifies the weak interactions and the electromagnetic force, but also proves to be 
renormalizable according to't Hooft and Veltman [10]. 
The GWS model [25] is based on the SU{2)j^  x C/'(l)y gauge group. Quarks 
and leptons are arranged into families (or generations) to form SU{2)j^ left-handed 
doublets and right-handed singlets: 
quarks 
/ t \ 
u 
w 
d'i J t  
L ,  
b'i 
1R : i  = r ,g ,y  
L ,  
and leptons 
/ \ ( \ ( \ 
t^e VT 
^R 
L,  L ,  \ ^ > L,  
17 
The superscript t is the color index. The d!, a', and are used to distinguish them 
from the mass eigenstates , d, a, and b. The L(R) denotes left(right)-handed states. 
There are no right-handed neutrinos, since they have not been seen. From the gauge 
principle developed in Section 2.1, the SU{2)j^ x C/'(l)y gauge invariant Lagrangian 
takes the form 
Ci = -^TrWfiuWf^"  + 
+ ig-  '  Wfi  + i^YBf i )q\  + 
4 
iL  
+ 4yB,x)q^ + (2.24) 
4 
where the Ws are SU{2)]^ gauge fields, B is (7(l)y gauge field, and <r* are the Pauli 
matrices. Y is the hypercharge o{U{\)y\ 9 and g' are the coupling constants for each 
group. In order to give masses to the W fields, the spontaneously symmetry breaking 
(SSB), i.e., the Higgs mechanism [9], is used. One introduces a complex doublet of 
scalar fields, 
i  ^ <f)  = , (2.25) Uv 
which transforms as an SU{2)jj doublet. The Lagrangian of the Higgs fields is 
C„ = -  Vi<f>U),  (2.26) 
where 
V{<I>U) = + A(^t^)2; A > 0. (2.27) 
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Cff IB gauge invariant. For < 0, the potential has minima at 
2 I 2 
=  y  w i t h u  =  y — ( 2 . 2 8 )  
We choose the physical vacuum as the non-vanishing vacuum expectation value of 
the Higgs field, 
0 
V 
(2.29) (<^)o = 
The vacuum remains invariant under a generator Q, if 
= {^>0- (2-30) 
For an infinitesimal transformation, the equation becomes 
G{^)q = 0. (2.31) 
For the generators of SU{2)]j x t/"(l)y, we have 
f 0 7 = 1,2,3 (2.32) 
= (<^)o ^ 0, (2.33) 
and 
QWo = + ^')(<A)o = 0- (2-34) 
Although SU{2)J^ X U{1)Y symmetry is spontaneously broken, the symmetry cor­
responding to charge Q remains unbroken. The latter is the generator of the elec­
tromagnetic f/(l)em group. We obtained the Gell-Mann-Nishijima relation for the 
charge Q 
Q = ^3 + 17' (2.35) 
19 
where /g = 0*3/2 is the third component of the weak isospin. According to the Gold-
stone theorem [20], there is one massless spin 0 particle (Goldstone boson) created 
for each broken generator of a global symmetry. However, due to Higgs theorem, the 
Goldstone bosons become the longitudinal part of the gauge fields associated with 
the broken symmetry. These gauge fields become massive. The scalar doublet can be 
expressed as 
(2.36) 
Transforming to the unitary gauge. 
(2.37) 
<T •  WFI —» (T '  N 
BFI —> B'FI, 
(2.38) 
(2.39) 





+ j(ff% - (2.41) 
We call H the Higgs boson whose mass is 
(2.42) 
Define the charged gauge fields 
(2.43) 
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The first term of Eq. (2.41) now reads 
(|ÏV+|2 + |W7|2). (2.44) 
8 
Thus, the masses of charged intermediate-vector-bosons are 
Similarly defining 
and 
— ^w/'— ~ 2 ' (2.45) 
we have the second term of Eq. (2.41) 
(2.48) 
The neutral intermediate-vector-boson has gained a mass 
Mz = + (2.49) 
= 
o'2 
1 + V- (2.50) 
^2 
Using the fact 
hence, the value of v is 
_ 9JL (2.51) 
V = (G^v^)2 ~ 250GeV. (2.52) 
The field Afj, remains a massless gauge boson corresponding to the f7(l)em symmetry 
and is identified as the photon field. We have just shown the Higgs mechanism 
generating masses to gauge fields in Eqs. (2.36)-(2.50). 
21 
How to generate fermion mass? Because tpj^ is a doublet and is a singlet 
under SU(2)£, the mass term ï>]ji^ji is not gauge invariant. However, can 
couple with a Higgs doublet from Yukawa coupling, 
(2.53) 
Then, fermions can acquire masses from the SSB. Take the electron as an example. 





\  ) 
0 
-Gev_ Ge 
Accordingly, the electron has a mass 
ME = GEV 
w 
(2.54) 
The Yukawa coupling (2.53) can give masses to the isospin down type fermions. 
However, unlike massless neutrinos, the weak isospin up type quarks, (u,c, (), are 
massive. We need a charge conjugate scalar doublet 
(f>c — icr^<f)* (2.55) 
to form another Yukawa coupling that generates masses for quarks (u, c, (). Unlike 
leptons, the mass matrix for quarks is not diagonal. Hence the weak isospin states 
are not the same as the mass eigenstates. Conventionally, in the weak interactions we 
keep the mass eigenstates of up-type quarks as weak isospin states and define proper 
weak isospin states of down-type quarks, in terms of their mass eigenstates, 
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We call the Kobayashi-Maskawa (KM) matrix [26]. is a unitary matrix 
that contains three angles and one CP violation phase, usually expressed as 
,-i8 ^ 
U KM = 
^12^13 ^12^13 
JS 
-ai2C23 - ci2^23^13® <=12<=23 " ^12^23^13® i8 
^13® 
«23<=13 
^ ^12«23 - ci2c23^13e^^ -^12^23 " ^12^23^13®^'^ C23<=13 ) 
(2.57) 
Here, c(j = coaO^j and 3(j = sinO^j. With the frame work of the standard model, 
the four parameters in the KM matrix are determined by experiments not by theory. 
Through the SSB of Higgs mechanism 
SU{2) X U{1)Y UIL)EM, 
we get three massive gauge bosons corresponding to the broken symmetries, one 
photon field to the surviving U{l)em group, and a massive Higgs particle. The 
Yukawa couplings give masses to all fermions except neutrinos. 
The outcome of the GWS model is very impressive. Three massive gauge bosons, 
,W~, and Z, have been discovered. All known results of experiments on weak 
interactions agree with the GWS model. The t quark has not been discovered, but 
most of us expect to see it in the near future. Despite the enormous phenomenologlcal 
success of the GWS model, there are still many unanswered questions in the model. 
More details of the unanswered questions will be presented in Section 2.4. A crucial 
part of the GWS model is the Higgs sector for the SSB. Howevere, the Higgs bosons 
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have yet to be discovered. One of the main purposes of the planned Superconducting 
Super Collider (SSC) is to find the Higgs bosons. On the theoretical side, the GWS 
model has been extended in order to provide answers to some of the problems not 
answerable in the standard model. Most of the extension can be tested at the SSC. 
Technicolor is one of the extensions worthwhile investigating at the SSC. In Chapter 
4, we will address the production of the neutral technicolor pseudo Goldstone bosons 
and discuss the possibilities for finding them in SSC experiments. 
2.3. Strong Interactions 
Strong interactions are the interactions among hadrons, for example, the inter­
action which governs the scattering between protons, pion and proton, etc. The 
classification studies of hadrons, hadron mass spectra, and hadronic interactions in 
the sixties strongly suggested that hadrons have common building blocks [13] which 
are called quarks. The deep inelastic electron-proton scattering experiments to probe 
the structure of the proton at the SLAC confirmed the prediction by Bjorken of scal­
ing behavior [27] in the structure function of the proton. To explain Bjorken scaling, 
Feynman [28] proposed the parton model where the electrons interact with almost 
free partons inside the proton in the deep inelastic scattering. The partons were later 
identified with quarks. 
The interaction between quarks must be weaker at shorter distance in the par-
ton model. Because we have not observed free quarks, the strong interaction must 
be sufficiently strong at larger distances so that quarks are permanently confined. 
Quantum chromodynamics (QCD) based on SU{3)c non-Abelian gauge theory sat­
isfies all the requirements of this strong interaction among quarks. In this theory. 
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each quark flavor forms a 5(/(3)c triplet and carries a quantum number called color. 
The interaction is mediated by the gluons (QCD gauge bosons), 't Hooft [29], Gross 
and Wilczek [14], and Polizer [15] proved independently that QCD is asymptotically 
free. So QCD satisfies the condition of free partons inside the proton when probed 
by high energy photons. Furthermore, by its severe infrared properties, QCD also 
confines quarks. Only colorless states can exist as isolated objects. This explains why 
we have not observed free quarks. In the following, we list some of the evidence for 
color quantum number [30]: 
(i) Fermi statistics. Consider the A^""^ resonance in the = g state 
|A++,7^ = ^) = |uî,ttî,ttî). (2.58) 
The ground state of is symmetric in flavor, spin, and space. This clearly 
violates the Fermi statistics. Fermi statistics can be restored if an extra quantum 
number 'color' is introduced. Three up quarks in the state (2.58) are different in 
their color. Each quark flavor forms a color triplet. The state (2.58) is modified to 
(2.59) 
which is anti-symmetric under the exchange of any two quarks. 
(ii) Cancellation of anomalies. In the GSW model, the triangular anomolies (see 
Figure 2.1) are proportional to 
^ Tr(l'T®T®) oc ^ y, (2.60) 
fermions doublets 
where T® are the generators of SU{2)i^ and Y is the hypercharge. Each lepton 
doublet with Y=-l comes with a quark doublet with Y=g. If each flavor has three 
colors, then the triangular anomalies are cancelled. 
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Figure 2.1. The triangular anomolies 
(iii) TT® —• 27. The decay of neutral pion into two photons is given by the triangle 
diagram (see Figure 2.2). The width is 
rCi" ^  27) = Ar|((?2 _ (2.61) 
where Nc is the number of colors and Qu and Qj are the charges for u and d, 
respectively. The experimental data [31] are 
Texp = 7.48 ± 0.33eK 
If we take Nc = 3, we obtain 
r(7r® 27) = 7.6eV, 
which agrees with the experimental data. 
(iv) e"^ — e~ annihilations. Hadrons are formed from the fragmentations of 
quark-antiquark pairs which are produced by e"^ — e~ annihilations (see Figure 2.3). 
The ratio is defined by 
AAAAAT H-
Figure 2.2. tf" -» 27 through fermion loop 
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_ q-(e"^e —» hadrons) 
~ (r{e+e~ 
= NE E QI 
flavors 
(2.62) 
where Ne is the number of color and Qi is the charge of the »th quark. Equation 
(2.62) sums over the flavors which are allowed by the energy. For JVc = 3 and five 
flavors, we have 
^had = T' 
which agrees with data [32] (see Figure 2.4). 
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We write the Lagrangian of QCD as 
^QCD- 1] ~TrFt'''^Ffiu + CqP + Cfp^ (2.63) 
flavors 
where CQP is a gauge flxing term necessary for covariantly quantizing the gauge 
fields and Cpp removes contributions of all non-physical states. In the standard 
model, the masses of quarks are from the Yukawa couplings. 
QCD brings new features of the fundamental forces, i.e., asymptotic freedom and 
confinement. Since the QCD interaction becomes strong at lower energy, we enter the 
non-perturbative regime. This remains a big challenge in high energy physics. The 
test of QCD are continuously undertaken. Experiments from hadron colliders as well 
as e'^e~ accelerators continually provide information on strong interactions. From 
these, we will learn more about the strong interactions. 
2.4. Unanswered Questions 
More than two decades ago, we had many questions about elementary particles. 
Today, we have a theory, the standard model, which is capable of accounting for all 
experimental data in particle physics. The standard model does not unify all the 
fundamental forces. However, its success firmly establishes the gauge principle as a 
guiding principle in describing fundamental interactions. From the gauge principle 
many attempts to unify all forces have been made. Gravity, which was a classical 
theory for a long time, has recently been formulated as a quantum theory in the 
superstring theory. Although no attempts can claim to be totally successful and the 
road to the true theory of everything is far from clear, these attempts do open new 
windows for us to gaze into nature. 
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The standard model contains many unexplained facts. Except for the gauge 
principle and Higgs mechanism, the other facets of the standard model are input 
from experimental observations and do not have satisfatory theoretical explanations. 
Even the Higgs mechanism has unsatisfatory properties when the strong interactions 
and electroweak interactions are unified in a simple symmetry, implying the existence 
of an energy scale much higher than the electroweak energy scale; this difference 
in scales is known as the hierachy problem. There is a strong indication that the 
standard model may be incomplete and is only an effective theory which is valid at 
low energies. We list some of the unanswered questions in the standard model [33]: 
(i) What determines the mass hierarchies of quarks and leptons? 
(ii) What determines the Kobayashi-Maskawa matrix? 
(iii) How many generations are there? 
(iv) What is the origin of CP violation? 
(v) Why are there so many elementary particles? Are they composite? 
Many extended theories of the standard model have been developed in order to give 
answers to some of these questions, such as the SU{5) grand unified theory; these 
include SU{5) x [/"(I) flipped grand unified theory, technicolor, supersymmetry, the 
superstring inspired EQ model, strong CP, compositeness. Experiments at the next 
generation accelerators in the TeV energy region may give answers to some of these 
questions. This is the reason why the Superconducting Super Collider is eagerly 
awaited by all high energy physicists. 
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3. THE TECHNICOLOR THEORY 
Using the Higgs mechanism to break the symmetry has the hierarchy problem and 
therefore requires fine tuning. The mechanism of dynamical symmetry breaking due 
to a new strong force, the technicolor force, was invented to eliminate the hierarchy 
problem [19]. The hierarchy problem of Higgs fields is addressed in Section 1. Then, 
the mechanism of dynamical symmetry breaking is introduced in Section 2. Section 
3 briefly reviews the technicolor theory [34]. 
3.1. The Hierarchy Problem 
The scalar Higgs fields in the standard model possess the hierarchy problem, 
when the model is grand unified to include a very high energy scale. This is a general 
feature of a theory which contains spin zero fields. The hierarchy problem stems from 
the loop corrections to the potential of the Higgs fields. Take the 517(5) grand unified 
theory [35] as an example. The SU{5) has two scales corresponding to the symmetry 
breaking on the grand unified symmetry scale and the weak symmetry scale 
SU{5) S  SU{3 )c X SU{2)I x U{1)Y ^ SU{3 )c x C^(l)em (3.1) 
with 











Figure 3.1. A sample of the radiative corrections to the Iliggs potential 
The Higgs potential reads 
V(#,^j = Ai(42-(#)2)2 + A2(^2-W2)2. (3.3) 
The quantum radiative corrections would introduce couplings between $ and e.g., 
through their coupling to gauge bosons as illustrated in Figure 3.1. The correction 
to the is roughly 
~(87r2)-V^V. (3.4) 
The new minima of the potential are 
(^)NEW ~ (^} (3 5) 
and 
2 
( '^}NEW ~ (3-®) 
47r^A2 





which is of the order C?(l). The loop corrections are so large that the Higgs field 
of the low scale moves to the high scale and is therefore 10^^ time too large for 
the electroweak symmetry breakdown. In order to separate the symmetry breaking 
between the grand unified and the weak scales, we have to fine tune the physical 
parameters to incredible accuracy and to redo it in every order of perturbation. In t' 
Hooft's criterion of naturalness [36], the physical parameters should not depend on a 
fixed value, precise to in order to make the system stable under perturbation. 
There are two ways to cure the unnaturalness of Higgs fields. One is to introduce an 
extra symmetry, the supersymmetry [18], such that the leading quadratic divergences 
of the radiative correction are canceled by adding loops of supersymmetric particles 
(see Figure 3.2). Another way is to make the Higgs fields as composite particles which 
are bound states of new strongly interacting particles [19]. In the former, supersym­
metry introduces a new group of supersymmetric particles which are partners of the 
ordinary particles. None of these particles have been discovered yet. In the latter, 
the theory is called the technicolor theory and brings in new particles which also have 
not been observed. One major task of the experiments of the next generation, e.g., 
SSC, will be devoted to testing the Higgs sector in the standard model to find out 
the true nature of the electroweak symmetry breaking. 
3.2. The Dynamical Symmetry Breaking 
In this section, we will discuss dynamical symmetry breaking, an alternative to 
the spontaneous symmetry breaking scheme. We take QCD as an example. At high 
energy, the isospin doublet (u,d) quarks, whose masses can be neglected, have a global 
SU{2)I^ X SU{2)II chiral symmetry, where L (R) stands for left (right). The strong 
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Figure 3.2. A diagram of radiative correction from supersymmetry particals, 
gauginos 
interaction coupling strength increases as the energy decreases. When the coupling 
strength reaches a critical value, the u and d quarks form condensates. This feature is 
very similar to vapor condensation to water when the temperature hits the transition 
point. The quark-antiquark condensates develop non-zero vacuum expectation value 
(ttu)o = {dd)Q ^ 0. (3.8) 
The condensates, ûu and dd, still have SU{2)y iSU{2)£^^ji) vector symmetry. The 
global chiral symmetry is broken to the smaller SU{2)Y symmetry by the strong 
QCD force at energy scale D ~ 200 MeV 
SU{2)i^ X SUi2)ji SU{2)v. (3.9) 
According to the Goldstone theorem, we have three massless Goldstone bosons cor­
responding to the three degrees of freedom of the broken SU{2)^ 
metry, where A stands for the axial vector. They are 
tt"^ = DIT^U (3.10) 
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TP® = ^(ût75« - (Ïi75</) (3.11) 
iT~ = ûif^d. (3.12) 
The three Goldstone bosons are coupled to the three axial isospin currents 
= ihl^b (3-13) 
where are defined as 
<R^ — T<R^ 
JS- = ^ (3 15) 
3 
J5+ = ^7^75 2 ^ (314) 
4 + ,v2 
"2 
«^50 = ^7^75 y V' (3.16) 
with tj) = (u, d) and the c* are the Pauli matrices. If we include the electroweak inter­
actions, SU{2)JJ X {7(l)y, the hadronic current could couple to the electroweak 
gauge fields. The W's couple to with strength g/2 where g is the SU{2)J^ gauge 
coupling constant. The 5^ field of (/(l)y couples to J^q with strength g' 12 where 
g' is the (/(l)y gauge coupling constant. Consider the propagators of modified 
by the hadronic current 
? - ,2(i + n(,2))' 
where n(g^) is the hadronic contribution to the vacuum polarization (see Figure 3.3). 
n(g^) develops a pole at = 0 due to massless pions 
,2\ 9^-tO 
AQ 





Figure 3.3. Vacuum polarization due to pions 
W" tt" B 
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Figure 3.4. Mixing diagrams between and B gauge bosons 
For the neutral gauge bosons, we have a mass matrix because of the mixing diagrams 
(see Figure 3.4) 
M^=§-
4 99 9 '  
The eigenvalues of 1 he matrix are 
= 0 (3.21) 
+ (3-22) 
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The eigenstates and are the same as those in the standard model and are 
identified as photon field and neutral Z boson, respectively. Three of the gauge 
bosons acquire mass. In this scheme, the pions replace the Higgs fields and the 
strong interactions replace the Higgs potential. Hence, we have an alternative to 
break the symmetry and to make gauge bosons massive. But since fir is about 93 
MeV and the desired value is about 250 GeV, the massive gauge bosons cannot get 
enough mass from QCD condensation. To overcome this problem, Weinberg and 
Susskind [19] postulated in 1979 a new strong interaction (technicolor) among new 
fermions (technifermions) that is responsible for the electroweak symmetry breaking. 
The point is to assume the decay constant of the new pions (technipions) to be about 
2,000 times larger than that of the ordinary pions. With this much larger decay 
constant, the technipions could generate the correct masses for the and Z. 
3.3. The Technicolor Theory 
We assume that TC is a SU{Ntc) QCD-like non-Abelian gauge theory and is 
asymptotically free. To increase the fir value by a thousand times, we naively have 
a relation 
^ ~ - 0(10^), (3.23) 
^QCD 
where i^QCO) the technicolor (QCD) condensate scale. Fjj is the decay 
constant of technicolor pions (technipions). If £> ~ 200 MeV, then is about 
200 GeV. This give us a rough idea of where the TC scale is. 
We will focus on the popular one-family TC model, i.e., the Farhi-Susskind model 
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[21]. The technifermions form SU{2)j[j doublets 
4, 
F IJI ^ 




where i is the QCD color index. The technicolor indices are suppressed. We use capital 
letters to represent the technifermions. The technifermions have weak interactions, 
but only U and D have QCD interactions. All of the technifermions carry technicolor 
so that they strongly interact with each other. In the high energy region of order of 1 
TeV, the TC force becomes very strong and the standard model forces become very 
weak, and therefore we can ignore the QCD and electroweak coupling. In the Farhi-
Susskind model the technifermions have a global SU{8)£^ x SU{S)ji chiral symmetry 
for the 8 fermions, (7^,Î7^,IJY, D'"', D^,D'YE. Just as in QCD, when the TC force 
becomes strong at ~ O(TeV), the technifermions form condensates. These 
condensates give rise to non-zero vacuum expectation value 
{ÛU)Q = {DD)Q = • • •• ^ 0. 
Then the chiral symmetry is broken into a vector symmetry 
SU{S)I X SU{8)JI ^  SUIS)V 
(3.26) 
(3.27) 
Hence, 8^ — 1 = 63 degrees of freedom are lost, resulting in 63 massless pseudoscalar 
Goldstone bosons (PGBs). These massless PGBs are technipions. We list the 63 
PGBs in Table 3.1. 
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Table 3.1. The 63 PGBs in one-family model. Q' is a colored quark doublet 
and L is the lepton doublet. AQ are the Gell-Mann SU(3) matrices 
and T" are the Pauli matrices. The first number in the paren­
theses is the representation in SU{3)c and the second one is the 
representation in SU{2)I 
(8,3) 0: = 
(8,1) Pi' = QT.KQ 
(3,3) 
(3,1) fi = Q'j,L 
(3,3) 
(3,1) Ti = Ljr,Q' 
(1,3) H" = Q'rr,T"Q + List^'L 
(1 ,3)  
= QTOT^'Q -  ^HT^L 
(1,1) P"' = Qr.Q-3HL 
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Figure 3.5. Gauge bosons coupled to 11" 
The PGBs can couple to the axial technihadronic currents 
(0|^g.|n6) = (3.W) 
where 11 denotes techuipions. The Fjj are of the same value for all PGBs due to 
the residue SU(8)y symmetry. There are appropriate which are coupled to the 
electroweak gauge fields. Similar to the QCD case, the modified propagators of 
Z, and B develop poles as —» 0 (see Figure 3.5). The results are 
Mw = fv^^n (3.29) 
(3.30) 
My = 0, (3.31) 
where r is the number of doublets; r = 4 in one-family model. So Fjj becomes 
2^ ^  • (3.32) 
This would lower the the technicolor scale by Three PGBs will be identified as 
the longitudinal parts of W~, and Z. Assume the TC gauge group to be a 
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SU(N). To estimate the value of AJIQ , we must know the N dependence of the Fjj. 
From the expansion [37], Fjj goes y/N times the fundamental scale as N gets large. 
Therefore we change Eq. (3.23) to 
~ (3.33) 
^^QCD 
Hence, we see that the TO scale Agrgf gets smaller as N grows. For one-family in the 
SU(4) technicolor group, the TO scale would be AJIQ ~ 233 GeV. 
The TC model does not have the kind of Yukawa couplings that in the standard 
model generate masses for fermions. However, the masses could come from the four-
fermion coupling (see Figure 3.6) 
gJfFF (3.34) 
after the FF condense. Since the coupling constant ^4 has mass dimension -2, the 
theory would not be renormalizable. Similar to the Fermi's four-fermion interaction, 
the coupling (3.34) can be viewed as the low energy effective Lagrangian from the 
exchange of a massive vector boson (see Figure 3.6). The effective coupling would 
be 
H=9%TC^^ETC^ (3-35) 
where g£)j<Q is the coupling constant between ordinary and technifermions. The 
M ETC the masses of new gauge bosons. The ETC represents extended techni­
color which was introduced to connect the ordinary fermions and technifermions such 
that fermions acquire masses after TC condensation [38, 39]. The fermions masses 
have the form 
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Since the ordinary fermions have different masses, there are different mass values of 
the extended gauge bosons 
^ETCj; ~ (3.37) 
Because more than one can contribute to the mass of one given fermion, Eq. 
(3.37) is not exact and we would have mixing among quarks similar to the Kobayaslii-
Maskawa matrix. Equation (3.37) is only used to give some idea about The 
approximate masses of ETC bosons are shown as follows [40]: 
mu = 6MeV M^TCu 2200TeV2 
= lOMeV % IZOOTeV^ 
ma = 200MeV « 60TeV^ 
rric = l.SGeV ^^ETCC 
mf, = 5GeV 2.4TeV^ 
nif = 80GeV ^^ETCi ^ 0-16TeV^. 
To simplify the ETC, we assume that the ETC group commutes with the elec-
troweak's SU{2)J^ x f/(l)y and QCD's SU{Z)c- The breaking pattern of the ETC is 
in a sequence of the masses of ETC bosons 
r, lO^TeV^ _ 30TeV2 _ ITW^ _ 
^ETC —^ ^E'TC —^ ^E"TC — ^TC' (3.38) 
We are not worried about what causes the breaking pattern here. To make the 
ETC group closed, we generally would have ETC interactions among the ordinary 
fermions. This can be seen as follows. Through ETC interaction an ordinary fermion 
can transform into a TC fermion and similarly a TC fermion can transform into 
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ETC b o s o n  
(») 
Figure 3.6. Two Feynman diagrams 
(a) Four fermion coupling (b) Intermediating a gauge boson 
an ordinary one. Combining these two operations results in a transformation of an 
ordinary fermion into another ordinary fermion 
= (3-39) 
These interactions are called "horizontal ETC" (HETC). 
The HETC can contribute to the flavor changing neutral current (FCNC). A 
way to suppress the FCNC from HETC is to assume there are many generations of 
technifermions. Each TC generation is only coupled to one fermion generation such 
that 
[fiFa, Fijfj] = 0 for i 7^ J, o 7^ 6, (3.40) 
where t, jf, and a, b are the family indices. This totally eliminates the FCNC through 
HETC channels but this scheme has problems [41] concerned with light spin-zero 
bosons [42, 43] and breaking the degeneracy between the different generations. The 
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Figure 3.7. K" — Tt^ mixing from exchanging HETC gauge boson 
exchanging HETC bosons [40]. The effective Lagrangian of the diagram reads 
ff g2 02 
Ed Ea 
where the 9 are Cabibbo-like angle factors of HETC. The subscript E is the short 
hand for ETC. The present data on mixing give the lower bound on 
and A/|^ 
^ 5 X 10^ T.V2, (3.42) 
which is much larger than the value needed to generate masses for the u and d quarks. 
A similar situation also occurs when we examine the mixing which gives 
the lower bound 
TeV2. (3.43) 
The 800 TeV^ is two orders of magnitude of the desired value 8 TeV^ estimated 
before. This is a serious problem and we will come back to this topic later. 
In standard model, Higgs boson couples to fermions with coupling, 
ME 
44 
Similar to Higgs boson, the naive coupling of neutral PGBs to fermions is 
mr me me 
So the neutral PGBs can contribute to the FCNC at the tree level. The data on the 
0 — mixing give the lower bound 
mp >6000 ^ GeV, (3.46) 
where the 9 is Cabibbo like angle. Equation (3.46) is the most troublesome for the 
light neutral PGBs. However, there is a way out. In the standard model, the Higgs 
bosons do not contribute to the FCNC because the same charge fermions, e.g., (u,c,t), 
are coupled to one Higgs doublet. When we diagonalize the mass matrix, we simul­
taneously diagonalize the couplings between the Higgs bosons and fermions. It was 
proposed by Ellis et al. [44] (monophagic model) that fermions of the same charge get 
their masses from a single technifermion condensate. This makes the FCNC vanish 
at the tree level of a single PGB exchange diagram. 





Making the Fierz transformation on (3.47) we have 
2 
+ (i " «)• (3-«) 
^ETC 






The coupling reads 
Comparing with (3.45), this new coupling is suppressed by a factor 
Recently, the slowly running coupling TC [45] and the fixed point TO [46] have been 
proposed to enhance the condensates, {FF)Q . Since 
= (fc) 
for fixed my, the larger {FF)Q can suppress the value of 9\J>(JLThis, in 
turn, suppresses the FCNC from ETC and Ppyy» 
The 63 massless PGBs can acquire masses from QCD, electroweak, and ETC 
interactions which explicitly break some of the spontaneously broken symmetries. 
The degeneracy of the vacuum states is broken after we include all interactions in the 
model besides the TC [43]. There is less degeneracy of the vacuum states and some 
PGBs obtain masses. In the spontaneously broken symmetry, we have 
e-iQa Aa|fiQ) = |n(A)> ^ 0, (3.52) 
where are the broken axial charges [33]. By adding a small perturbation, 8HJ, 
we define an energy E{Aa) by 
EiAa) = {nQ\e-^^a^''SHje'Qa^^\nQ). (3.53) 
If the subset of are unbroken by SHJ, the new physical vacuum states will 
be 
\"phyW) = (3.54) 
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Rewrite E in terms of the physical vacuum states 
\i in A 
B(A') 3 (3.55) 
where Qg are the explicitly broken charges. We then have equations 
dE 
, _ = 0 => {^PHYWQBA^^^LW^PHY) = 0 (3 56) 
Afl=0 




A' .=0 AFI 
From Dashen's formula [47], the mass squared matrix of PGBs is related to 
"•«6 = (35») 
The masses of PGBs have been calculated [43] and are listed in Table 3.2. Note 
that the neutral color singlets, and P^, are still massless since their associated 
symmetries are not explicitly broken by QCD and electromagnetism. 
It has been shown that the Pati-Salam SU(4) symmetry [48] on mutiplets, 
{U'',U^,Uy,Nf and (3.59) 
can generate about 10 to 40 GeV to the masses of P® '3 [39]. The four-fermion 




^2^ [QQLL - Q75r®(?Z75r''/i], (3.60) 
which is SU{'i)Q x SU{2)i x (/(l)y x TG invariant. Here Q is {U\D^)^ and L is 
{NfEy^. These four-fermion interactions violate separate techniquark and technilep-
ton chiral symmetries, and generate masses for P^ '3 and P^ 
mp = a- gETci^^)oli^Tl^^ETC) 
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Table 3.2. The masses of PGBs 
PGBa Mass 
« 245 GeV 
% 160 GeV 
0(10 GeV) 
P"', 0 
= ' -^STCIMC^. (3.61) 
FA '  
where a is a coefficient of order unity. The slowly running coupling TO and the 
fixed point TC can enhance the vev of condensate. In the scheme of slowly running 
coupling TC, Appelquist et al. [45] estimated the masses of PGBs from the four 
fermion interactions, 
mp = o • (50 - 70 GeV), (3.62) 
where a is 0(1). This can eliminate the embarrassing light PGBs and suppress the 
FCNC from exchanging PGBs (see Eq. (3.46)). Appelquist, Lane, and Mahanta 
[49] has shown that in the next leading order of the ladder approximation to the 
Schwinger-Dyson gap equation, which is used to calculate the vev of condensate, there 
is a l%-20% correction to the first order depending on the fermion representation. 
They assert that the ladder approximation may be a good method to handle the gap 
equation. In other words, the scenarios of the slowly running coupling TC or the 
fixed point TC may be realistic. 
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It seems that the large FCNC in TC can be tamed by the slowly running coupling 
TC or the fixed point TC. A direct evidence of TC is the discovery of PGBs with 
masses on the order of hundreds of GeV. In the next chapter, We will focus on the 
production of neutral PGBs (or technipions), and Pg , at the SSC. 
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4. THE PRODUCTION OF NEUTRAL TECHNIPIONS, P®' AND P^' 
The fundamental scalar fields in the standard model cause the hierarchy problem 
and also have not yet been discovered. Searching for extensions of the standard model 
at the least leads us two alternatives, the supersymmetry and technicolor (TC), to 
solve the hierarchy problem. In this chapter, we will discuss the signals of TC from 
neutral technipion production through 
p + p-^9iq) + P^\p§') + X (4.1) 
at the SSC. 
4.1. The Motivations 
A crucial of the signal of TC below ~ O(TeV) is the existence of hadron-
like heavy pseudoscalar particles, i.e., the PGBs. The masses of PGBs are model-
dependent, but most model estimates give mass ranging from the order of 10 GeV 
to a few hundred GeV [43, 39, 45]. If TC is indeed responsible for the spontaneous 
symmetry breaking of the electroweak interactions, many PGBs should be produced 
in the energy range of hundreds of GeV. The direct production of P® and Pg at the 
SSC have been investigated in Eichten et al. (EHLQ) [22]. The signals that EHLQ 
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looked into are the two-body final states 
p + p_pO'(pO')^j^ (4.2) 
and 
^ 99,QQ (4.3) 
—» rf, (4.4) 
where Q is a heavy quark such as the b and t. The decay channel of two gluon jets 
for is hard to detect due to a very large QCD background of continuous mass 
spectrum of two jets. The background of P^ from 66 pairs is 2 orders of magnitude 
larger than the corresponding signal. The signal and the background of rf for P^ 
are approximately of the same order. EHLQ further pointed out that the efficiency 
on measuring the invariant mass of the rf pair is poor so that it is hard to use this 
signal. The background of gg for Pg is much larger than the signal. However the 
it signal for Pg is comparable to the background. Hence, EHLQ concluded that the 
useful signals are rf for P® and it for P^ , but we need high efficiency in identifying 
particles and high precision in measuring invariant mass of pairs. It has been shown 
by D. McKay et al. [23] that three-body decay modes are significant for heavy P® . 
Thus, we expect P^ would be similar to P® . The three-gluon (3g) and two-gluon 
modes dominate the decay of P^ when Afp is greater than 50 GeV but less than 
the it threshold. Once the P® mass is large enough to make tt decay, tl channel 
dominates the decay. The qqg channel also has a significant contribution. So for 
large P^ mass, the signal to look for is tt if it is allowed. More details on the decays 
of P® and Pg are given in the next chapter. 
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Going beyond what has been considered in EHLQ, we will investigate other 
production processes of and Pg , i.e., 
P + P-^3(|I) + J''''(J'8°') + A- (4.5) 
SO that P® and Pg can be produced in high transverse momentum (Pj_). In EHLQ, 
P® and Pg are produced at zero Pj_. For high Pj_, the recoiled parton jet can serve 
as a tagging jet to faciliate the identification of the PGBs. In the next section, we 
will address a technique used to simplify the calculations involving multi-gluons. 
4.2. Multi-Gluon Processes and the Slavnov-Taylor Identity 
The calculations of gluon processes are generally very complicated, even for sim­
ple tree diagrams. The complication is caused by two factors due to the trilinear and 
quartic couplings: (1) there are many diagrams, and (2) the amplitude satisfies the 
Slavnov-Taylor identity (STI) [50] rather than the simpler Ward-Takahashi identity 
(WTI) [51] of the Abelian case. 
For a massless vector particle, the polarization projection is given by 
2 
53 — ~9FIU + 
A=1 
{kfiTij/ + ki/nfi)/k ' n + n^kfiku/ik • n)^, (4.6) 
where n is an arbitrary vector orthogonal to e, e • n = 0. The use of (4.6), in general, 
gives rise to a large number of terms in the intermediate steps of a calculation. In the 
Abelian case, e.g., QED, since" the WTI is satisfied, we can drop the kfi dependent 
terms in (4.6). The polarization projection is reduced to 
2 
£ eJ(A,fc)ei/(A,A!) = -gfi,, (4.7) 
A=1 
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which simplifies the calculation enormously. 
In QCD, the use of (4.6) can be avoided and replaced by (4.7). However, this 
requires the addition of ghost diagrams in order to compensate the scalar and longi­
tudinal gluon contributions, where the ghost diagrams are obtained &om the original 
amplitude by replacing, in turn, each pair of external gluon lines by a pair of ghost 
lines. Some internal gluon lines can also be replaced by ghost lines if they are not 
connected to lines other than gluon lines. 
It was observed in Ref. [52] in the calculation of the cross section oi g-\-g -* q-\-q 
that dropping of the terms of the amplitude which vanish due to the transversality 
condition A; • e = 0 allows the use of (4.7) without the compensating ghost diagrams. 
We will give a general proof that the transversality condition when incorporated 
in the Feynman amplitude of a multi-gluon process makes the reduced amplitude 
satisfy the WTI and, therefore, (4.7) can be used for the cross section calculation 
without the compensating ghost diagrams. This technique applies to QCD processes 
as well to processes containing non-QCD couplings. 
Consider the Feynman amplitude of a process with n gluons 
^2' 91) ?2' ?/)' (4 8) 
where k\,...^kn with the Lorentz indices respectively, represent the exter­
nal gluon momenta; ...,gy are the momenta of the external particles other than 
the gluons. The amplitude satisfies the STI 
— " + 1' (4'^) 
(12) 
where etc., are the ghost terms obtained from (4.8) by replacing the gluon 
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lines of momenta fcj and Ag, etc., with ghost lines of the corresponding momenta and 
color indices. In the calculation of the cross section with (4.8), one uses either (4.6), 
or (4.7) together with the ghost diagrams. 
Note the structure of (4.9): Each ghost term is associated with a definite momen­
tum factor which is the momentum of the replaced gluon other than the contracting 
momentum. This suggests a way to obtain a modified amplitude which satisfies the 
WTI by eliminating the ghost terms: drop all the terms in (4.8) which are propor­
tional to = 1,2,...,n, by the transversality condition & • e = 0. Denote the 
modified amplitude by 
(4-10) 
Hence, the amplitudes (4.8) and (4.10) give the same cross section. We have two 
cases to consider: with fermions (/ ^ 0) and without fermions (/ = 0). 
First consider the case / ^  0. We can choose Ag, •••» fern 91» to be the 
independent momentum set. Consider the contraction of (4.10) with . The only 
possibility that the ^2^2'—' t^rms may be regenerated is the presence of terms 
in (4.10) which are proportional to = 2,...,n. We write 
... + (4.11) 
Then 
... + ^Grms. (4.12) 
Since fej is independent of &2,... and kn, no terms proportional to &2/Z2' 
can appear in (4.12). A similar argument holds for the contraction of with 
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^2^,...,^^". Hence, we have 
HLFI2"'FIN — 0' (4.13) 
Thus we can use (4.7) for all the gluons when the modified amplitude (4.10) is used 
in the cross section calculation. 
The / = 0 case, i.e., all the external lines are gluon lines, is different since only 
n-1 of the gluon momenta can be linearly independent. Take the first n-1 momenta to 
be linearly independent. Again, the terms proportional to , ^ 2/^2' '•*' 
do not appear in an expression similar to (4.12). But a term which is proportional to 
(Aj +&2 +... + ^ n—iVn ~ can appear. Therefore, the ghost term associated 
with the kn gluon Une cannot be eliminated. In order to eliminate this ghost term, 
we define another amplitude 
where en is the polarization vector of nth external gluon. Equation (4.14) satisfies 
the WTI with respect to the first n-1 gluon momenta 
In the cross section calculation with (4.14), we can use (4.7) for the first n-1 gluons 
and (4.6) for the last gluon. 
Equations (4.13) and (4.15) hold to all orders in the perturbation expansion as 
long as the STI in the form of (4.9) holds. A technical point to be noted is that, to 
obtain (4.10), it is necessary to expand the trilinear vertices in order to eliminate all 




Two other powerful methods have been proposed in the literature for the calcu­
lation of multi-gluon processes involving massless quarks in tree diagrams: 
(a) The use of helicity amplitudes instead of tensor amplitudes is proposed in 
Ref. [53] for the calculation of multi-photon processes. Generalization to non-Abelian 
cases is given in Ref. [54]. This method modifies the polarization vector of the gauge 
boson. It is suitable for processes involving massless fermions which interact with 
gauge bosons in definite helicity states and where the axial vector current conservation 
holds. 
(b) An extension of helicity amplitudes which imbeds QCD in a N = 2 supersym-
metry has been proposed in Ref. [55]. In this approach, some of the external gluon 
lines are replaced by scalar lines and therefore, this greatly simplifies cross section 
calculations. This technique also relies on the chiral separation of the interaction of 
gauge bosons with massless fermions. 
These methods are very useful only in a process with massless fermions. In 
particular, the technique (b) relies on the supersymmetrization of the theory under 
consideration. It is not clear how to apply (b) straightforwardly to an effective the­
ory such as the technicolor's low energy effective Lagrangian. However, the present 
method [56] depends only on the gauge invariance of the theory, i.e., the WT iden­
tity. It applies to processes involving massive fermions and in principle to high order 
processes. 
4.3. The Production of P® 
The production of P® from the processes 
9{P\) + 9{P2) •P®'(P3) + fl'(P4) (4.16) 
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^(Pl) + 9(P2) P (P3) + ?{P4) (4.17) 
has been calculated by D. McKay, et al. [23], for light f ^  with a mass of the order 
of 10 GeV. Because the light P® suffers from the large FCNC, the enhancement of 
TC condensates in the slowly running coupling TC or in the fixed point TC can raise 
the mass of P® to an order of hundreds of GeV, so as to suppress the FCNC (see 
Chapter 3, Section 3). Thus, we recalculate the production rate for mp = 100 to 400 
GeV. We ignore the production from qq fusion 
9(Pl) + fe) (P3) + 9{.P4) (4.18) 
because the contribution from this process is negligible compared to the processes 
(4.16) and (4.17) in high energy p-p colliders such as the SSC. 
The vertices of P® coupling to gluons are shown in Appendix. The amplitude 
squares of (4.16) and (4.17) after averaging over the spins and colors of the initial 




2 "2 ;2 
+ 
^ + H + ^  (4.19) 
3 U t \ 
and 
M{gq -> P" q) o'.i _ 









Figure 4.1. Feynman diagrams (or gg —> P"'g 
where 
â = (PI+P2)' 
I = (pi - pg)^ 
Û = (Pi-P4)^ 
(Xj is the strong coupling constant and is a function of interaction energy Q. We 
neglect all fermions-P® (•P3 ) vertices since they are proportional to -jX and are 
small for light fermions. The Feynraan diagrams for (4.16) and (4.17) are shown in 
Figures 4.1 and 4.2. The numerical results will be presented in Section 4.5. 
4.4. The Production of Pg 
Similarly to , we focus on two modes, 
0' 
0' 9iPl) + 9{P2) ^8 (P3) + 5(P4) 




Figure 4.2. Feyman diagrams for gq —» P"'? 
The qq mode is again ignored because it is small as compared to (4.21) and (4.22). 
The mode (4.22) has three diagrams, shown in Figure 4.3. See Appendix for the 
vertices of coupling to gluons. We only calculate diagram (c) since we neglect 
the PGB-fermion vertex. The averaged amplitude square of (4.22) is 
M{gq Ps q) = 20a|^ 
|(i + Û) [(5^ + - jnp(i + «)] + 2TnpJû| (4.23) 
The differences between the gq production of P® and Pg are the color factor and 
PGB-gluon vertex (see Appendix). The Pg is enhanced by a factor 10 (^ x 6 = 10). 
The Pg' production, through gluon fusion (4.21), has 7 Feynman diagrams which 
are shown in Figure 4.4. To avoid the complicated polarization projection of gluon 
in (4.6) or the compensating ghost diagrams in using (4.7), we use the modified 
amplitude discussed in the preceding section. The final result is 





o 4 / ^ , ( . « 
—2mp I n- + r 4- 9-
\a - t — rup u - nip^ 
g , . 2  ^TÛ 
(S -  RN^){I -  m^)(û - m^) 
Smp + 4- (ûâ)^ + (ûî)^ + 
stû 
Tnp(3^ + + û^) + rnp{st + iû + i«)] |. (4.24) 
The pole terms in Eq. (4.24) do dot cause any trouble in the kinematic region of 
our concern, since none of the variables, i, i, and û, will be near the resonance jPg 
and zero. The next section presents some numerical results of the differential cross 
section. 
4.5. The Numerical Results 
The measurable cross section is a convolution with the parton distribution func­
tions and is given by 
(4.25) 
DP^DY Y _ Q  - ®a^ + U — MP 
for fixed transverse momentum and rapidity of and Pg , where 
t = -y/3mjje~y + rr?p (4.27) 
u = + mp (4.28) 
à = xaXjjS (4.29) 
i = -i/3Xamj^e~y + (4.30) 
Û = — •v/3®jTnj_e^ + mp (4.31) 
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Figure 4.3. Feynman diagrams for gq —> g 
Il 
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Figure 4.4. Feynman diagrams for gg -» 'flf 
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with 
+ TTlp (4.32) 
«i = ' "•'"'f (4.33) 
Zga + u — nip 
^MIN = , . " 2 (4-34) 
a 4" t — Tti p 
" " i'" 
The function / is the parton distribution function and i,j denote the initial par-
tons. We will use the EHLQ's set 2 parton distribution funtions (PDF) [22] in our 
calculation. 
The running coupling constant of the strong interactions as{Q^) in the matrix 
elements (4.19), (4.20), (4.23), and (4.24), is usually expressed as 
MQ^) 12-!'^  ' (4.36) 
where A is QCD scale and NJ; is the number of quark flavors. Because the values of A 
have been determined for = 4, it is more suitable to use the following expression 
[22) 
" 6 ^ »(Q2 - 16m?)in(e^/16m?)] , (4.37) 
\ i=b,t... ) 
EHLQ gives two sets of parametrizations with different values for A, one set has 
A = 200 MeV, the other A = 290 MeV. In expression (4.37), the contributions of 
all quarks become equal when approaches infinity. Since the decay branching 
ratios of P® and of Pg depend on aa(Q^), the ratio of the signal for the production 
of P® or Pg to the background also depends on «^(Q^). Therefore, the choices 
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of different expressions of will affect this latter ratio. However, the changes 
are not significant if we consider all uncertainties in the theory. We will adopt the 
expression (4.37); is set to to characterize the interaction energy. The range 
of as used in this section is from 0.135 at Q = 100 GeV to 0.093 at Q = 1500 GeV 
for rrif = 80 GeV and = 5 GeV. 
Figure 4.5 shows that the gg fusion dominates the production. The gq fusion is 
gradually close to the gg fusion in higher Pj_ because the parton distribution functions 
favor the quark when the value of x is not so small. We present the differential cross 
section of in Figure 4.6 for various values oi mp, mp = 50,100,200,300 and 
4006reV. The production rates decrease from ~ 10"^ nb/GeV to ~ 10~® nb/GeV 
as Pj_ increases from 100 GeV to 1500 GeV. There are not much changes caused by 
the variation of mp. Similar plot for Pg is shown in Figure 4.7. The rate of Pg is 
roughly an order of magnitude larger than the rate of P® . The main reason for the 
larger Pg production is due to QCD color enhacement. Apart from the production 
rate, the features of the production cross section of Pg are as same as those of P^ . 
The projected luminosity of the SSC is ~ 3 x 10^ nb~ Vear~^ [57]. With a mass 
of a few hundred GeV, 10® to 10^ Pg bosons can be produced at the SSC per year 
per one GeV bin of Pj_ for j/ = 0 and Pj_ =100 to 700 GeV. The production of P® is 
about one order of magnitude less. Tables 4.1 and 4.2 show expecting numbers of P^ 
and Pg produced at the SSC per GeV bin of Pj_ per year at y = 0. The numbers 
are quite large. Are we able to see them at the SSC if they do exist? It depends how 
much the background would be. We will address that in the next two chapters. 
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Table 4.1. The number of f bosons produced at the SSC per GeV bin of 
Px. per year at y = 0 
Px GeV trip = 50 100 200 300 400 GeV 
100 1.4x10® 1.1x10® 7.2x10' 5.4x10' 4.2x10' 
300 6.6x10^ 6.3x10' 5.4x10' 4.5x10'' 3.9x10' 
500 1.3x10^ 1.3x10' 1.2x10' 1.1 X10'' 9.9 xlO^ 
700 4.2x10^ 4.2x102 3.9x10^ 3.9x10^ 3.6x10^ 
Table 4.2. The number of Pg' bosons produced at the SSC per GeV bin of 
Pi. per year at y = 0 
Px GeV r r tp  = 100 200 300 400 GeV 
100 1.0x10® 6.6x10' 4.8x10' 3.9x10° 
300 6.0x10' 5.1x10' 4.2x10' 3.6x10» 
500 1.3x10' 1.2x10' 1.1x10^ 9.3x10'' 
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Figure 4.5. Rate for /"*' of m/> = 300 GeVi Total rate (solid line), gg fusion 
(dash line), and gq fusion (dotted line) 
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Figure 4.6. Rates for P"' of different masses. From high to low, each line 
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represents mr = 100,200,300, and 400 GeV, respectively 
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5. THE DECAY OF NEUTRAL TECHNIPIONS, P®' and P§' 
We have discussed the production rates of P^ and Pg in the previous chapter. 
The signals of their existence are from the observation of their decay particles. So 
here we will discuss the major tree level two-body and three-body decay channels of 
Pg . D. McKay et al. have done the same thing for P® [23], However, their cutoffs 
on three-body decay channels to avoid the infrared divergences are done separately 
on each Feynman diagram. Here we use a different approach. We first sum up all the 
calculated diagrams and then impose a cutoff on the invariant masses of two-gluon 
(2#) pairs and quark-gluon pairs in three-body decay modes. The numerical results 
for different masses of P® and Pg and for two values of top quark mass, = 80 
and 120 GeV, will be presented. 
5.1. The Decay of P® 
We examine the major decay modes of P® at the tree level. Our result wiU not 
be exact because we do not include loop diagrams. The loop diagrams can modify the 
width and will cancel the infrared divergence present in some of the three-body modes. 
Therefore, our results will be approximate results. However, the approximation is 
reliable in making an order of magnitude estimation. We eliminate the infrared 
divergences by using an invariant mass cutoff on two-gluon and guark-gluon pairs. 
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can decay into a pair of gauge bosons, Bi and ^2- The amplitude is [42, 
58, 44) 
(5-1) 
where is determined from a triangle (anomaly) graph similar to the graph 




when the product masses are negligible. From Eq. (5.2), we have 
and 
(6) 
These show that the P® decaying to a pair of gauge bosons is dominated by the 2g 
mode. The other two gauge boson modes will be neglected. 
The major decay channels of and their partial widths are listed in the fol­
lowing: 
(1) P^' ^ g + g. 
The decay width is 
where is the rank of the technicolor gauge group, SU(A^^g); N^f, = 4, in Farhi-
Susskind model. 
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P"'Z7 e^(4A^<r/3v^)[®,„/(l - z,»)]'/^ 
P"'ZZ -e^(4iVec/3v^)[®„,/(l - ®,u)] 
P»']V+W- 0 
(2) pO'  -^ f  +  f .  
The coupling between PGB and fermions arising from the extended technicolor theory 
is model dependent. The coupling of PGB-fermion is proportional to m^/Fji (see 
Appendix), where mj is the mass of fermion and Fjj = 125 GeV in Farhi-Susskind 
model. The width of P® decaying into a fermion pair is 
2 
r ( 5 . 7 )  
where SC = 1 for a lepton pair and fc = 3 for a quark pair. The factor GQ is of order 
unity and model dependent (see Appendix). Since the width (5.7) is proportional to 
the square of fermion mass, the decay channels to heavy fermion pairs are dominant. 
(3) P®' g(k i )  +  g(k2)  +  ^ (*3). 
The amplitude square can be obtained by redefining s, i, and û, and multiplying 
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8 x 8 x 2 x 2  =  2 5 6  i n  ( 4 . 1 9 )  s i n c e  w e  d o n ' t  n e e d  t o  a v e r a g e  t h e  c o l o r s  a n d  s p i n s  h e r e .  
The matrix element is 
M(P^ -*3g) = ( ûi is ûâ 
ttFJ I a u t 
m3,[l+m^Q + j + |) + ^ + ^ + |T }, (5.8) 
where 
s = (Al 4- k2) 
t = (*2 4- 63)^ 
Û = (&! + (5.9) 
We obtain the partial width after the integration of phase space 
rsjC"') = ^(^>'(5)^ / -* 3s) (510) 
where x = y = "»23 ~ (^2 + and "»13 = (% + &3)^-
To avoid divergence we do cutoff on 77123 "^13 • The result, after most of the 
integration, is 
\Z j dx' 
6n4f2 
r l — 2o /n(l — o — a;) 91 , 57 2 , 27 3  
+ Î2 ~ T° +ir* + {' 
In [2®^ — 3a^ + 12o - ^  — Zln{a) |, (5.11) 
where o = Tng/mp; mg is the cutoff mass on gluon pair. 
(4) P®' -> q{ki) + q{k2) + ^ (63). 
Three decay diagrams are similar to the diagrams in Figure 4.2. However, we cannot 
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use the previous amplitude square because we neglected the PGB-fermion vertex for 
light quark in the production and, here, the heavy quark dominates the decay. The 
amplitude square is 
M{P^ -* qqg) = 647raaX 
2Gn r. O O . 0 0 _ 9,. _« [(mp - - i)(mp - ntg - Û) + 2mg(â - 2mg)] + 
(Û - m^)(t - m^) 
y2 
[(Î — fnq)(mp — s)(mp + Mq — Î) + 2m^(m^ — â)^]+ 
(•u — wig)(Tnp — 5)(7np + TRg — Û) — 2Tnp('û — Tng)(î — mg)j + 
GqVQ 
mq{wrp — i)^ mgjrrrp — â) :\2- (5.12) 
S(û - mq) 3{i — roq) 
where VQ = —iV^gaa/(2\/37rFjj). The decay width can be expressed as 





r = —f 
mp 
A(c, j, e) = \/c2 + (i2 -f. e2 — 2cd — 2ce — 2de. 
The divergences are avoided by cutoffs on mgg and The decay width is expressed 
as 
r - (pO')- /•(l-x/fc)^ ggrnXz - r)A(l,r,z) 
) - J b  2 n ^ x { i - x - r )  
U '-) + 
I  "  [ \  x - r j  \ y i - r j  \ 2 / 2 ~ ^  V l - ^ J  
where 
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^ |^((® — r)(l + r — x) — x + 3r)/n 
^/rGQVQmp 
X — r 
(5.16) 
6 = Am^ 
m^p ' 
"^13'"*23 — 4- Am (5.17) 
y\ = 4^(1 -  s - t q  -  A ( l , r o , ® ) )  +  r o ,  r g  =  
{mq + Am)2 
m^ p 
(5.18) 
!/2 = Vc - ® - r o  +  A ( l , r o , ® ) )  +  r o  (5.19) 
zi = 1 + r — œ - yi> Z2 = \ + r -x-y2. (5.20) 
These complete the decay formula for P® . The decay width and the branching ratios 
are presented later in Section 5.3. 
5.2. The Decay of 
Pg can also decay to a pair of gauge bosons which are in the color octet state. 
The coupling of Pg to two gauge bosons also arises from a triangle graph. The 
amplitude with the Pg B1B2 coupling has the same form as Eq. (5.1). The factors 
of lot are listed in Table 5.2 [22]. Using Eq. (5.2) for the decay rates 
if the masses of the final state particles are negligible, we obtain 
^ = (^)(^)«= 2.4x10-3 
1 gg uU (Xj (5.21) 
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Table 5.2. Anomaly factors SPB^Bi for in the Farhi-Susskind model; 
®(|; — STiTl Ofij 
VertexP^' B\B2 SpBxBi 




1 gg oU 1 — Xii) (Xs 
Definitely, the Z mass is large. The decay rate involving Z would be smaller than our 
simple calculation. We will only consider the gg decay mode for Pg decaying to a 
pair of gauge bosons. The major decay channels of fg are as same as , including 
the two-body and the three-body final states. We have completed all major decay 
formula and list them as follows. 
(1) ^8 9 + 9' 
The decay width is from Eq. (5.2) 
where is the rank of the technicolor gauge group, SU{Nif,)i which equals 4 in the 
minimum Farhi-Susskind model. 
(2) 
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The coupling between Pg -fermion is from the extended technicolor sector and is 
nif 





where Gg is model-dependent and defined in the Pg -// vertex (see Appendix). 
Comparing (5.24) to T), we have 
In the Ellis et al. monophagic model [44], the value of this ratio is 12. 
(3)  -*  G(KI)  + G(K2) + G(K2).  
The seven diagrams are the same as the diagrams of production in Figure (4.4), 
except for the incoming and outgoing arrows. We obtain the amplitude square from 
the production of via gluon fusion (see Eq. (4.23)). 
n 2 2 2 
[ (s i f  +  («â)2  +  (û i )^  +  +  û^)+  
mp(st + tû 4- sû)] I. (5.26) 
where i, t, and i  are defined in (5.9). Use (5.10) to calculate the width of the 3g 
mode. We again make cut on the mass of gluonic pairs in the phase space integral to 
avoid the infrared divergence. After we carry out most of the integration, the width 
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IS 
1—2a /n(l — a — x) 
1 — ® 
dx+ 
1 — 2a 
{'V. 
— 6o^ + 24a — ll) In + 
^12/n(a) + 2a^ + 12a + 6) In ^  + 
12a (f - -^) - ^ a4 - ISa^ + - 58a + ^} , \ 2& 1 — d/ 8 4 8 J (5.27) 
where a is defined as o = —mn is the cutoff mass on the gluon pair. 
mj, 
(4) P^' -* q{ki) + g(&2) + 9ih)' 
There are four diagrams for Pg decaying into qq pair and a gluon (see Figure 4.3). 
The amplitude square is 
M(Pg -> qqg) = 647rasX 
I ^  ({« - "^Q)(* -m?)- + TT 
4(6 - m^)(i - m^) 
5K~ 
7n§)2 
^(MP — ITIQ — i)(7rep — VIG — tt) + 2n%ç(â — TTig)^ + 
[(Î - T)ig)(Tnp - ê)(mp + mg - t)+ 
(u — nig)(TTip — a)(77ip + TWg — Û) — 2mp(u — Tnq)(t — zrig) + 
2Tn.q(mp — J)j + 
4  




. i — Û - mg 
+ 
32(i — m j j )  u — m. 
|^4?Tlp3 + 2(ti — nig)^ — 2?7lp('Û. — 7Rg)j + 
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t — mi 
^4Trip5 + 2(î — TTig)^ — 2Tnp(t — 
—3Crgâ(d + nip) 
8(J - Tn^)2 ) •  (5.28) 
where Vg = —iV^ga3/(\/27rFjj). There are singularities in the expression and all 
come from the soft gluon region. We take mass cuts on the gq pair to avoid these 
infrared divergences. From Eq. (5.13), we obtain the following expression for the 
decay width 
P  ( p O \  f { l - y / b ) ^  a s m  p X { l , r , x ) { x - r )  
F ^ \ L ^ R - ^ ^ ) L N ( ^ - 2 ^ ) + 2 R  W Î-)+ (  3  l \  8 ( ® - r ) /  \ y i - r j  \ y 2  -  ^ V l - r /  
9 X 4* 1 
(#2 -yi) + 8(z — r) 
((® — r)(l + r — s) — X + 3r)ln 
-
+ 
( g <^8 1(1 + + 
3 + 
(2r — ® — T/j)(2r - ® — 2/2) ® 
(® - r)^ — g + T* + 2 
(2/2-2/1)-
In 
X — r 
/2r - X - y2\1 
\ 2 r  -  »  -  î / i / J  
5\/rGgVgmp 
24(® — r) In 
21 
:i) + ^2 ~^1 ) •  (5.29) 
where 6, r, A, 2/1,2/2''®!' ^2 are defined in preceding section. 
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O' pO' 5.3. The Numerical Results on the Decay of P" and Pg 
Here we present some results of the branching ratios of dominant decay channels 
and the appoximate total width for P^ and Pg . Since the top quark has not been 
discovered, we show the results with and without opening the ti channel. The present 
lower bound of t mass so far is 78 GeV given by CDF group at Fermilab [3]. We take 
two values of t mass, =80 and 120 GeV, in the numerical results. Because the 
couplings of PGB-fermions are model dependent, we use the couplings given in Ellis 
et al.'s monophagic model [44] in which the FCNC vanishes from exchanging one 
neutral PGB at tree level. In monophagic model, the coupling of neutral PGBs to 
fermion pair are 
+ râmnTsn) -
A-" _ Ac ~^V + NMNF^ 
(5.30) 
(5.31) 
where and (f)\ are P® and Pg fields respectively, p = (u,c,t)^, n = (j, a,6)^, 
I = (e,/i,r)^, and j are the diagonalized mass matrices. Accoring to (9.5) and 
(9.6), Gg = y/2 and Gq = l/(2-\/3) for quark, and Gq = \/3/2 for lepton. 
To avoid the infrared divergence, a cutoff is made. In 3g decay mode, an invariant 
mass cutoff on the gluon pair is imposed to make the energy of each gluon greater 
than 1.5 GeV for mp between 20 and 120 GeV and greater than 2 GeV between 120 
and 450 GeV. The relationship between the mass cutoff, tjiq, and the gluon minimum 
energy, is 
^0 = y^^min^P' (5.32) 
In qqg mode, we imposed an invariant mass cut to make the angle between quark and 
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gluon greater than 10 degrees. This cut is better than the cut based on the minimum 
energy of the gluon in considering the separation quark and gluon jets, if the quark 
mass is large. To get a relationship between the minimum angle and the mass cut, 
we start with two identities 
(A5J + &2) = Af^ = (mg + mg)^ 
=  E 1 E 2  —  £ 2 ^ —  m g c o s d ,  ( 5 . 3 3 )  
m p + - rrig , 
^ 
where Ei is the quark energy and E2 is the gluon energy. Combine Eqs. (5.33) and 
(5.34) and we obtain 
_ Tn^/2 + El yjE'f - mjcosg - Ef 
M P - E I  +  C O S 0  ^  
For a given Ommi there is a maximum of E^ in Eq. (5.35). Once we get the maximum 
of the invariant mass cut can be obtained from Eq. (5.34). The following are the 
results of the decay formulae in previous sections; the major decay channels for 
and Pg are summarized in Table 5.3. 
(1) channel not open 
case: The branching ratios (BR) are shown in Figures 5.1 and 5.2. The 3g and 
2g modes dominate except for mp < 40 GeV where the bb channel becomes 
dominant. The rf channel gives 20% to 5% of the total rate if 20 GeV< 
mp <100 GeV. The qqg channel, which includes all the light quarks (u,d,c,s), 
has 4% to 8% BR for 20 GeV< mp < 300GeV. There is about a 2% contribution 
from hbg when mp > 40 GeV. The total width is very narrow from 10~^ to 
3 X 10"^ GeV in the mass region 20 to 300 GeV (see Figures 5.4 and 5.5). 
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Table 5.3. The major decay channels for f"' and Pg' 
PGBs No tt tt 
po' 2flf, Zg, 66, rf, qqg 
2g, Zg, 66, qqg 
tt, 2g, Zg 
tt, 2g, Zg 
Pg case: We take the Pg mass to lie in the region between 100 and 300 GeV. The 
BRs are shown in Figure 5.3. The 2g and Zg modes dominate here as well, 
except when mp w close to 100 GeV where 66 contributes about 20% of the 
total decay rate. The 66 mode still holds 6% BR at mp = 300 GeV. The BR 
for 2g is about 40% throughout the region. The BR of Zg increases from about 
20% for mp = 100 GeV to about 40% for mp = 300GeV. The BR of the qqg 
channel is around 7%. The bbg channel has about a 3% BR. In Figure 5.6, we 
can And the total width ranging from 4 x 10~^ to 0.34 GeV. It, too, is very 
narrow. 
(2) m( = SOGeV 
P® case: Figure 5.7 shows the BRs of major decay channels. The tt mode is the 
dominant decay channel. Its BR is about 84% for mp = 200 GeV and only 
decreases to 68% for mp = 400 GeV. The BR of Zg and of 2g channels are about 
12% and 10%, respectively, and both rise slowly with increasing mp. The qqg 
channel has about a 1% BR. The bbg and the tig channels are negligible. The 
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Figure 5.1. BRs of P"' without the ti channel: 66 (upper solid), TT (dotdash), 












Figure 5.2. BRs of P"' without the ti cliannel: bb (upper solid), rf (dotdash), 
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Figure 5.3. BRs without the iï channel: bb (solid), 3g (dots), gg (upper 
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Figure 5.6. The total width of P '^ without the tt channel 
ai mp = 200 GeV to about 2GeV at mp = 400 GeV. 
Pg case: As with , tt dominates the decay, from 95% down to 88% for mp = 200 
GeV to 400 GeV (see Figure 5.8). The BR of 2g is between 2% and 5%. The 
BR of 3g is about the same size as 2^'s. The other channels are all negligible. 
The total width is around 2 GeV to 7 GeV for mp = 200 GeV to 400 GeV and 
is shown in Figure 5.12. 
(3) mt = 120 GeV. 
The general properties of decay for P^ and Pg at = 120 GeV are the same 
as those at mi = 80 GeV. Since the tt channel dominates and the PGB-fermions 
m r  
couplings are proportional to the higher the the more tt dominates and the 
larger the total width. 
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M(P°') GeV 
400 
Figure 5.7. BRs of P"' with m, = 80 GeV: tt (solid), 3^ (dots), gg (dashes), 
and qqg (lower dashes) 
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400 
Figure 5.8. BRs of with m, = 80 GeV: tt (solid), 3g (dots), gg (dashes), 
and qqg (lower dashes) 
GeV, the tt mode contributes about 80% of the total decay rate. The other 
sizable channels are 3g and 2g] each contributes about 10%. The BR of qqg is 
around 1%. We can neglect the other channels. The total width runs from 0.7 
GeV to 3.6 GeV {or mp = 250 to 400 GeV and is presented in Figure 5.11. 
case: Figure 5.10 shows the BRs of major decay channels. The tl channel totally 
dominates the decay and its BR is about 93% for mp between 250 GeV and 
400 GeV. The 2g and 3^ channels have about the same size BR, around 3% 
each. Again, the other channels are negligible. The total width increases from 
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Figure 5.9. BRs of P"' with m, = 120 GeV: tt (solid), 3g (dots), gg (dashes) 
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Figure 5.10. BRs of P^' with m, = 120 GeV: tt (soUd), Zg (dots), gg (dashes), 
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Figure 5.11. The total width of P"' with mi = 80 GeV (dashes) and 
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Figure 5.12. The total width of with m, = 80 GeV (dashes) and 
mi = 120 GeV (solid) 
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6. THE BACKGROUNDS AT THE SSC 
In Chapters 4 and 5, we showed the production rates and the decay widths of the 
neutral technipions, P® and Pg . However, the discovery of these particles at the 
SSC depends on the backgrounds. In this chapter, we will examine the backgrounds 
in the two-body decay channels 
p + p p''^(pf) + g(q) + x 
^ t l ,gg,bb,rf  (6.1) 
(the rf mode is only for decays.). The light quark channel, gg, is ignored because 
its branching ratio (BR) is much less than those of the heavy quark pair gg channels 
(see Chapter 5). The backgrounds are from the following QCD processes 
p -f p —> ( + ( + g{q) + A' (6 2) 
p + p —> b + b + g{q) + X (6.3) 
P + P —> giq) + g{q) + gil) + ^  (6.4) 
P + P —> r + f + g{q) + X (6.5) 
We will evaluate and discuss each of these in this chapter. 
93 
0.1. The Background of the tt and bb Channels 
There are three subprocesses for the processes (6.2) and (6.3) 
g{p\) + 9{p2) 
^(Pl) + ?(P2) 
9(Pl) + fe) 
Q{vi)Q{ P A ) 9 { V H )  
Q{pz) + QM + ?(%) 




Ellis and Sexson [59] have calculated the squared amplitudes for these subprocess. 
They are 
sf M{gg-*QQg) = ^^2^^P4»P3»P5»~Pl»~P2) (6 9) 
^{9<l-*QQq) = ~4jy(jv2 _ ^^^(P4'P3»P5'~P2>~Pl) 
M(qq^QQg) = ^^>1(P4»P3'-P2»-P1»P5) 
where 
^(Pl,P2,P3'P4'P5) = 
(13)2 + (23)2 + (14)2 + (24)2 + m^((12) + (34) + m^) 
2â(34) 
((105) + (2#5)) + 
2(14) I 2(23) (13) 
(15)(45) (25)(45) (15)(35) 
(6.11) 
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(24) _ (12) _ (34) \] 
(25)(45) (15)(25) (35)(45); 
jN^ - i){N^ - 1) 
N 3(34) 
[(13)-(14) (23) - (24) 
(25) (15) + 
- 1)"»Q 
^ / (35)2 + (45)2' 
(35)(45) j2 
l f j _  +  j _  +  j _  +  j _ ) _  
2à V(15) ^ (25) ^ (35) ^ (45); 
1 + J _  +  ^  + ^ + i 
4(34) 1 (15) (25) ^ (15)2 ^ (25)2 s 




2(34) "*0 "Q (35)2+(45)2 
S (15) (25) (15)(25) 
with 
((13) - (14))::^^ + ((23) - (24))^2_i4 .^1 - h (34) (34) 





(JV2 - l)(iv2 + 1) ((12) ((15)^ + (25)2 + 2m^((35) + (45)))) 
ip (13)(14)(23)(24) 
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(iv2 - 1)(^2 + ^i2 + 2(13)(14) + 2(23)(24) + 4m^(12)) 
iV2 8(13)(14)(23)(24) 
{N' - 1) 
(13) ((13)2 + (23)2 + 2m|((34) + (35))) 
(34)(14)(15)(25) 
((15)2 + (25)2 + 2^2 ((35) + (45))) 
2(34)(14)(23) + 
{ N ^  -  l ) m Q  
(iv2 - l)m^ 
(12) - 3mg 3(13)(23) + 5(13)(25) - 2(13)2 
(34)(15)(25) (13)(14)(23)(24) 




(15)+ (24) 1 
(13)(23)(14)(25)J 
(23) ((13)2 + (23)2 + 2m^((34) + (35))) ' 
2iv2(iv2 - 1) 
iv2(jv2 - 1) 
+ â(34)(45)(25) 
(14)(24) ((14)2 + (24)2 + 2m^((34) + (45))) 
i(34)(45)(13)(25) + 
2Ar2(jv2 - l)m^ 
^2(Ar2 _ l)m^ 
4(15)(25) + (13)(23) + (M)(24) - ^>s(j + 2(34)) 
i(34)(15)(25) 




2iv2(iv2 - l)m^ 4 I ^ (34)2 + (45)^ 
î(34)(45)(13)(25) + 
4Ar2(Jv2 - l)m^ | 2 [(34)2+ (35)^+(45)2 2(23)2 
J2(34)2 â(34)2(15) + 
(N^ - l)m% (34)2 ( 
( 1 3 ) _ ( ^ \  2m 
+ 
m2 ((34) + (45)) 
\X25) (15); ^ (34)(15)2 ^ (34)(45)(13)(25) + 
{N'^ - l)2m^ f(13)2 + (23)2 _ (45)((i3) + (23)) 
4#2 (13)(23)(14)(25) + 
2imQ 4m Q 
(13)(23)(14)(25) (13)(14)(25)2 + 
(jy2 - l)3n.| 
2jV2 
+ m^(24) - 2(24)(25) 
(13)2(24)2 + 
â(34) + 2(15)(25) - (14)(24) 
(13)(23)(14)(24) + 
(^ - l)m^ 
n2 
m Q 5s + 8(23) + 6(25) - 4(13) 
(13)(23)(14)(25) 4(14)(23)(24) 
and where 
à  =  ( p i  +  p 2 ) 2 ,  ( i j )  = p -  .  p j ,  p j = p ^ =  
(6.14) 
(13) 2(35) (14) 2(45) 





(15) â Si = (15) (6.15) 
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We have taken the strong interaction gauge group to be SU{N). (Of course, N = 3 
for QCD.) The differential cross section which we are interested in can be writted in 
general as 
do- / 1 \4 
dMdPj_dy = (S) 
hJ 
where all functions and parameters, excepting the solid angle 0, were defined in 






P3+P4=0 |P3 XPSIIPI X PSI 
M, y, and Pj_ are the invariant mass, rapidity, and transverse momentum of the 
heavy quark pair, respectively. We first integrate out the angular variables in the 
rest frame of the quark pair, and then transform all terms into Lorentz invariant 
quantities. Finally, the last integration is done in the Lab frame. 
In the production of f ^  and Pg , we look for events with momentum transverse 
to the beam direction. So we require y = 0 for the heavy quark pair, which has a 
total invariant mass in the range from (mp — T/2) to (mp + r/2), where F is the 
total decay width of either P® or . Figure 6.1 shows that gg fusion dominates 
the background at SSC energies. 
In Figure 6.2, there are three curves labeled with the P® mass M=200, 300, 
and 400 GeV, for = 80 GeV. The differential cross section does not change signifi­
cantly for different values of M. However there is strong dependence on the transverse 
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momentum. The differential cross section decreases from about 10~'^ nb/GeV^ to 
about 10~® nb/GeV^ as increases from 100 GeV to 1500 GeV. The Figure 6.3 
shows the differential cross section for =120 GeV. The cross sections for =80 
GeV are slightly larger than the corresponding cross section for mi =120 GeV. The 
quantity of signal, S, is defined as 
S = (Production Rate of P® or Pg ) x (BR) (6.19) 
The quantity of background, B, is appoximately defined as 
B % ((/(Background Cross Section)/jM) x (Width) (6.20) 
Due to the detector resolution of 2-jet invariant masses [60], we may not be able to 
use the real width in (6.20). If the width is smaller than the mass resolution, we 
replace the width by the mass resolution which we take to be 
Am w 5 GeVW^, Mw = 81 GeV. (6.21) 
V Mw 
Otherwise the real width is used. 
It is likely that the t quark mass will be found to be higher than 80 GeV; the 
current published low bound is 78 GeV [3]. We take the case of = 80 GeV here to 
demonstrate the trend of results when the t quark mass varies from the lower mi = 80 
GeV to the higher mi =120 GeV. Tables 6.1 and 6.2 give the signal to background 
ratios S/B for P decaying to it at different values of Pj_ and mp. For fixed mp 
and mi,  S/B increases  as  f  increases .  However  there  is  a  trade-off  as  the larger  PJ_ 
gives lower cross sections. So we only show S/B for Pj_ up to 700 GeV. The signals 
we are looking for are larger than the backgrounds in most cases. The numbers of tt 
events per GeV bin of per year at the SSC are also shown in these Tables. Since 
the number doesn't include the efficiency in identifying a t t  pair in a real experiment, 
the actual number of events will be smaller. Hence, we conclude that if the efficiency 
of identifying a it pair is not too low, , if it exists and decay into a tî pair, could 
be seen at the SSC for P_|_ < 500 GeV. 
Similar calculations for Pg are presented in tables 6.3 and 6.4. The S/B for Pg 
are larger than the S/B for P® and is of order 10. Since more Pg than P® can be 
produced at the SSC, it may not be hard to discover in the tt channel for Pj_ up to 
700 GeV. 
The S/B ratios also increase as increases for the given values of mp and Pj_, 
because higher mi means a higher BR for tî channel, and a lower QCD background. 
So, as long as the number of events of P^ or Pg decaying to a tî pair is not too 
small, the SSC can investigate the P® and the Pg beyond mp = 400 GeV. 
If these pseudo-goldstone bosons don't decay into 66, we have to consider other 
signals, e.g., 66, 2g, and rf. Four sets of bbg{q) background are examined for four 
different pseodo-Goldstone boson mass values M =50, 100, 200, and 300 GeV. The 
results are shown in Figure 6.4. The cross sections range from about 10~^ to about 
10""® nb/GeV^ for Pj_ varying from 100 GeV to 1500 GeV. 
Table 6.5 shows the S/B and the numbers of events of P^ decaying to 66 per 
GeV bin of Pj_ per year at the SSC. In most cases, the background is 2 orders of 
magnitude larger than the signal. The signal is comparable to the background only 
at P_|_ = 500 and 700 GeV when mp = 50 GeV. However, the number of events 
in these cases is only a few hundred per GeV bin of Pj_ per year. So, it would be 
difficult to see the 66 signal of P^ at the SSC. 
Since the production rate and the 66 BR of Pg are larger than those for P® , the 
100 
Table 6.1. S/B values for P"' decaying to mi = 80 GeV. The numbers in 
the parentheses are the number of events of signal per GeV bin of 
Px per year at the SSC 
Pj. GeV mp= 200 300 400 GeV 
100 0.54(6 X  10') 0.6(4.2 X  10 ') 0.73(2.9 X  10') 
300 1.2(4.5 X  10%) 1.5(3.5 X  10') 1.5(2.7 X  10') 
500 2.9(10'') 2.9(860) 2.9(670) 
700 4.8(330) 5.0(300) 5.1(240) 
signal is improved. The S/B and the number of events per GeV bin of Pj_ per year 
are shown in Table 6.6. The signal is comparable to the background except at low 
Pj_ = 100 GeV. The signal is around thousands events per GeV bin of Hence, 
through the bh channel, if tt is not allowed, the SSC may be able to probe Pg in the 
mass region of 100 GeV to 300 GeV. 
6.2. The Background of the gg Channel 
The signals of and Pg from the 2g decay channel are 3-jet events. The 
background includes all 3-jet events but heavy quark jets such as b and t, which we 
treated in the preceding section as the backgrounds of 66 and it channels, are not 
included. There are 11 QCD processes which can produce three-parton final states, 
e.g., gg fusion and scattering, gq fusion and scattering, qq scattering, etc. We list 
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Figure 6.1. Differential cross section of pp —> gtLY for m/ = 80 GeV 
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Figure 6.2. DifFerential cross section of pp —• gttX for = 80 GeV and 
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Figure 6.3. Differential cross section of pp —» gttX for m, = 120 GeV: 
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Figure 6.4. Differential cross section of pp -* gbbX for 
and 300 GeV (lower mass has higher rate) 
= 50, 100, 
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Table 6.2. S/B values for P"' decaying to tî, m, = 120 GeV. The numbers in 
the parentheses are the number of events of signal per GeV bin of 










100 1.4(4.6 X  10') 1.3(3.4 X  10') 
300 2.5(3.8 X  10*) 2.5(3.2 X 103) 
500 4.3(940) 4.5(800) 
700 7.2(330) 7.4(290) 
Table 6.3. S/B values for decaying to ti, mi = 80 GeV. The numbers in 
the parentheses are the number of events of signal per GeV bin of 
Px per year at the SSC 
Pi GeV mp= 200 300 400 GeV 
100 5.8(6.3 X  10') 6.5(4.4 X  10") 8.5(3.4 X  10*) 
300 13(4.8 X  10') 15(3.9 X  10') 18(3.2 X  10') 







700 53(3.7 X  10*) 51(3.3 X  10"*) 61(2.9 X  lO"*) 
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Table 6.4. S/B values for Pg' decaying to tt, rtii = 120 GeV. The numbers in 
the parentheses are the number of events of signal per GeV bin of 
P± per year at the SSC 
Fx GeV mp= 300 400 GeV 
100 14(4.6 X  lO"') 13(3.7 X  lOS) 
300 24(4 X  10') 23(3.4 X  10') 
500 46(1.1 X  10') 43(8.7 X  10*) 
700 71(3.4 X  10^) 67(3.1 X  10') 
Table 6.5. S/B values for P^' decaying to 66;no tt allowed. The numbers in 
the parentheses are the number of events of signal per GeV bin of 
PJL per year at the SSC 
P± GeV mp= 50 100 200 300 GeV 
100 0.01 5.2 X  10-' 3.0 X  10-' 2.8 X  10-1 
(3.8 X  10') (1.2 X  10') (2.5 X  10^) (920) 
300 0.1 0.05 0.02 0.01 
(1.8 X  10^) (660) (190) (77) 
500 0.3 0.15 0.06 0.03 
(350) (140) (42) (19) 
700 0.56 0.31 0.12 0.06 
(110) (44) (14) (7) 
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Table 6.6. S/B values for Pg' decaying to 66; no tt allowed. The numbers in 
the parentheses are the number of events of signal per GeV bin of 
Pi per year at the SSC 
Px GeV mp= 100 200 300 GeV 
100 0.14(2.9 X lOG) 0.09(7.3 X 10') 0.08(2.2 X 10') 
300 1.3(1.7 X 10') 0.56(5.6 X 10-') 0.29(2.0 X 10%) 
500 3.9(3.8 X 10^) 1.8(1,3 X 103) 1.0(520) 
700 8.4(1.2 X IC) 3.7(430) 2.0(190) 
of four processes which have been calculated by Berends et al. [53]. Others can be 
obtained by crossing symmetry (interchanging momenta) from these four. We list the 
four squared amplitudes in the following; 
(1) 9{Pl) + 9iP2) —* 9{P3) + 9{Pi) + giPs) 
It has very compact form 
= <5(PI»P2'P3»P4'P5) (622) 
where 
G(P1.P2.P3.P4.P5) = ^ 
with 
[12345] = (12)(23)(34)(45)(51). (6.24) 
(2) q m i P l )  +  q m { P 2 )  — '  ^ (Ps) + fl'(P4) + ^ (Ps) 
The subscript m denotes the quark flavor. The amplitude squared, averaged over the 
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spins and the colors of the initial partons, is 




2 f (UHmm"+(21)') f 
81 (13)(14)(15)(23)(24)(25) \ 
(12;34) (12;13) (12;45) 
(34) (35) (48) 
i 
(12;55)(12;34) ^ (12;33)(12;45) ^ (12;44)(12;35) 
(35)(45) (34)(35) (34)(45) I I '  
with 
(kl,ij) = (kt)(lj) + (kj)(lt). 
(3) gm(Pl) + qn(P2) —" miPs) + 9n(P4) + ff(p5), m ^  n. 
The averaged amplitude squared is 







j2 ^ gl2 ^ 
8«'(15)(25)(35)(45) 
I ^ [(w + u'){s3' + it' — ûu') 4- û{3i + aV) + u'(5é' + s'i)] — 
—[(â + a^)(âa^ — îf' — ûv!) + Itt'{y, + u') + 2ûvf {^i + ^')j^ , (6.29) 
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with 
à = (pi + P2)^, s' = (p3 + P4)2, 
t = (pi - p3)2, / = (p2 - P4)2, 
Û = (pi - p4)2, ti' = (p2 - P3)^. (6.30) 
(4) gm(pi) + 9m(P2) —^ w(P3) + ImijPi) + 9{Ph) 
The averaged amplitude squared is 
M = F'(pi,P2>P3»P4»P5)' (6.31) 
where 
^'(P1»P2>P3»P4»P5) = 
^(P1,P2,P3'P4,P5) + ^(P1,P2'P4,P5,P5) + 
(5^ + y^)(âa^ - y — ûu^) 
8«W(15)(25)(35)(45) * 
|^(â + a^)(â6/ — it' — ûu') + — ]^t\û + u') + ûv!{t + </)] — 
2s(tû + tV) - 23'(iu' + i'ù)} . (6.32) 
The quantities S, t, û, a', 6% and are defined in Eq. (6.30). 
The differential cross section, which we are interested in, is shown in Eq. (6.16). 
The light quarks are taken to be massless. Since we cannot distinguish quark jets 
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from gluon jets, all the final particles are identical. In order to achieve that, we 
symmetrize the squared amplitudes by adding new terms in which momentum labels 
are exchanged between non-identical final partons in the original amplitudes. Then, 
the differential cross section in Eq. (6.16) must be multiplied by (3/3!)=l/2; the 
factor 1/3! is for 3 assumed identicle final partons and the factor 3 is for 3 ways to 
form a pair among three partons. We also require <1.5 for every jet so that they 
are not close to the beam line. 
The integration is done by Monte Carlo method. Numerical results are shown 
in Figure 6.5. A comparison of the production rates of P® and Pg is given in 
Figures 4.6 and 4.7 shows that this 3-jet background production rate is larger than 
the signals. When the BR and width of P® and Pg are taken into account, the 
background is at least two order of magnitude larger than the signals. So, the signals 
of P® and Pg decaying to 2g cannot be observed at the SSC. 
6.3. The Background of the rf Channel 
Although the rf mode of P® has a small branching ratio, varying from 20% 
to 5% for mp = 20 to 100 GeV, the signal is cpmparable to the background for 15 
GeV< mp <60 GeV in EHLQ study [22]. Thus, the rf mode may be useful in our 
reactions for the discovery of P® at the SSC. We investigate next the background 
of the three particle final state, Tfg{q). This background comes from the following 
processes 
9(pi) +  f e )  — "  g { p z ) r { p ^ ) - ] r  f { p ^ )  (6.33) 
9(Pl) + ^(P2) —' 9(P3) + ^(P4) + ^ (P5) (6.34) 
I l l  
Table 6.7. Various 3-jet processes and their averaged amplitudes squared 
processes M 
99 —> 999 
99 —* 9mQm9 |j( -p,|, -pn, -p2 ) -Pi » Ps) 
9m9 —* 9m99 -Pa» -P2,Pi,P5) 
Qm9 * 9m9m9m ^•^'(pi> -p5>p3»p.h —Pa) 
qm9 " 9m9n9n ^^(Pl>-P5,P3jP.h-P2) 
9m9n * 9m9n9 ^(Pl,P2,P3,P(,P5) 
9m 9m * 9m 9m 9 ^'(P1>P2,P;«,P.|,P3) 
9m 9n ^ 9m9rifl' ^(Pn —P4,P3, —P2,P5) 
9m9m ^ 9m9m^ •^'(Pl, -Pl,P3, -P2,PS) 
9m9m ^ 9n9n9 ^(Pt > —P3 » —P2, P i, PS ) 











10 0 __ 
10 -1  __  
10 — 2  
10 -3 __ 
10 -4 
Pj. TeV 
Figure 6.5. The differential cross section îoi p + p -* g{q)  +  giq)  +  g(q)  + A'. 
M and y are the invariant mass and rapidity of a pair of partons. 
|y,| < 1.5; M = 100 GeV (upper curve), M = 300 GeV (lower 
curve) 
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Their Feynman diagrams are shown in Figures 6.6 and 6.7. The matrix elements of 
the processes, (6.34) and (6.33), were calculated by Aurenche and Lindfors [61]. We 
list them in the following 
Mi = + 
1 1 
sin^Qwcos^Qxu - m^)^ + (r^m^)^ 
2Q?-
«•2-7^1 
sin^Owcoa^Ow - m^)^ + (r^7n^)2j 
where Qq is the electric charge of the quark. % == 1 is for qq annihilation and t = 2 is 
for qg scattering, 
I s — 2ti — + *2 ^(^1 + ^2 "*• 
= + \ + 
[û <-> i,ti *-* *2]} -
&1^2 I ^  ^ + ^ ^7^ -[«<-> i, <1 ^ <2] I » (6.36) 
\Hh _ i — 2{ti 4- K^) i + 2{ti + (2) I 
3 i ^21:^% = -i«2 ^ 
[(*1 + ^2 + - t2K^] I -
hh 
2 ( t i  +  K ^ ) —  i  ^  â  +  2 ( ^ 1  +  < 2 )  
i + i 










Figure 6.6. Feynman diagrams { o t q  +  q — * g - \ - T  +  f  
.and 
^ = (P1 + P2)^» ^1 = (P1 - P4)^» 
Î = (^2 - PS)^' h = (P2 - P4)^» 
Û = (pi - p3)2, jifZ = + pg)2, 
CI = 9' C2 = h 
ai = — ^ 4- siu^dyj^ bi = h 
Ou = I 2 • 2/1 dc ™ 5 — "tl/j bu = be = 
ad = ^d = bs - 1» 
II : ay + B f -=2ay6y. 
In the above matrix elemements, the mass of the r is set to zero. Using the physical 
mass of the r makes almost no difference in the numerical values of the matrix element 
(6.35). This is expected, because of the high center of mass energy of the processes 
invoved. 
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Figure 6.7. Feynraan diagrams { o r q  +  g ~ * q - h r - i - f  
The differential cross sections, evaluated according to (6.16), are shown in Figure 
6.8. The QCD backgrounds are very small and can be neglected. As shown in Table 
6.8, the number of events where decays into a rf pair is not large. It seems that 
can only be seen for masses < 300 GeV for Pj^ around 100 GeV. 
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0 0.5 
Pj. TeV 
Figure 6.8. The differential cross section forp + p—»r + f + g{q) +  A ' :  F r o m  
top to bottom, MTT =100, 50, 200, and 300 GeV 
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Table 6.8. The number of events of P"' decaying to rf per GeV bin on 
at the SSC 
Pj.GeV mp = 50 100 200 300 GeV 
100 1.5 X  10' 4.4 X 10^ 940 324 
300 700 250 70 27 
500 140 52 10 7 
700 45 17 5 2 
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7. CONCLUSIONS 
The main purpose of this work is to study the production and decay of the neutral 
teqhnicolor pseudo Goldstone particles, and Pg in the processes 
P + P — S(?) + ^ '°V8')+-«• (7.1) 
at large transverse momentum at the SSC energy regime. The background due to 
QCD processes has been investigated in detail in order to determine the best signals 
to detect these particles. 
For the production, we found that the lowest order differential cross sections 
dal{dP^dy)\y—{^ are about the order of 10~^ to 10~® nb/GeV for P® and of 10"^ 
to 10"4 nb/GeV for Pg for mp = 100 to 400 GeV and Pj_ = 100 to 700 GeV. 
With the projected luminosity of the SSC, £ ~ 3 x 10^ nb"~^ year~^, The number 
of events is of the order of 10® to 10^ per GeV bin of Pj_ per year at y=0 depending 
on Pj_. The number of Pg produced is about one order of magnitude larger. 
For the decays of P® and Pg , we have investigated the major decay channels 
of two-body and three-body final states at tree level. We have presented the analytic 
form of partial decay widths for all important decay channels. We found that the 
total widths of P® and Pg are small, from 0(10~^) GeV without the tt channel 
to 0(1) GeV with the tt channel for P® and from 0(10~^) GeV to 0(1—» 10) GeV 
for Pg . The tt mode dominates if it is allowed. The tig channel is negligible up to 
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mp = 400 GeV. The 2g and 3g channels dominate if the tt channel is not allowed, 
except at mp <40 GeV where the bb channel becomes dominant. The branching 
ratios (BR) of the qqg and the bbg modes are about few percent when the tt channel 
is not present. The rf channel gives more than a 10% contribution for mp < 50 
GeV, and decreases to '^1% after mp reaches 300 GeV, again assuming that the tt 
channel is not available. 
Our results show that the background of 2g mode is so large that it renders 
the 2g mode useless for the purpose of finding and fg . If there is no tt decay 
channel, we may be able to probe P® through the rf channel up to mp = 300 GeV 
at Pj_ = 100 GeV. However, the actual detection of P® depends on the efficiency of 
the detector used to identify the rf pair. 
We found that the bb signal for is buried under the background and is not 
useful for identifying the P^ . But for Pg , the bb signal is comparable to the QCD 
background for mp up to 300 GeV except for Pj_ < 300 GeV where the backgroud 
becomes much larger than the signal. Using the bb signal, it is possible to investigate 
the existence of Pg in the mass region up to 300 GeV, in case there is no tt channel. 
When the tt channel is available, the situation becomes much better. For P^ , 
the signal is larger than the background except at Pj_ = 100 GeV and mg = 80 
GeV, where the signal and the background become comparable. In the case of Pg , 
the signals are much larger than the backgrounds so that we can simply neglect the 
background. The discovery potential of this channel, again, depends on the efficiency 
in identifying the tt pair. 
The mass of P® is estimated less than 40 GeV from extended technicolor theory 
by Eichten and Lane [39]. However, Appelquist et al. [45] proposed a slow running 
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coupling scheme for the technicolor interaction which could bring the P® mass to 
a-(50-70) GeV; a is the order of unity. From these jP® mass predictions and the 
fact that the t quark mass is greater than 78 GeV, the P® is unlikely to decay 
into a it pair. Thus, the rf channel is the only possibility for identifying the . 
Furthermore, the search for the rf signal has to be carried out at low transverse 
momentum, around 100 GeV, as the signal deteriorates rapidly as increases. 
The mass of mainly comes from QCD interactions and is around 240 GeV 
in the Farhi-Susskind one family model. If we add the mass contribution due to 
the mechanism of Appelquist et al., the Pg mass would be increased to around 300 
GeV. The upper bound of t mass is about 200 GeV from the study of the radiative 
corrections to the p parameter in the standard model [62]. Since 66 decays can serve 
as an effective signal for the fg mass for mp up to 300 GeV, it would be very 
difRcult to detect Pg decays in the region 300 GeV< mp <400 GeV if mi = 200 
GeV. In the EHLQ production scheme, the detection of jPg in the absence of the tî 
channel is also very difficult for mp < 600 GeV. For mp > 600 GeV, the 2g signal is 
comparable to the background and can be used as a signal. Despite the small rate of 
the 66 signal, it may provide a way to overcome these difficulties in the mass region 
300—400 GeV. However, this would require a long running time at the SSC. 
There are several possibilities for detecting high transverse momentum decays of 
the and Pg at the SSC. Since the P^ and Pg are produced nearly transverse 
to the beam direction, it should be easier to detect the signals. Because there are 
two-body decay channels which are larger than or comparable to the corresponing 
backgrounds, we conclude that (7.1) are promising processes in the investigation of 
the neutral technicolor particles, P® and Pg . 
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9. APPENDIX 
The couplings of pseudo-Golds tone bosons to gauge bosons can be determined 
by the anomalous terms in the low energy effective Lagrangian, known as the Witten-
Wess-Zumino [63] effective Lagrangian. The couplings invoving P® and Pg are the 
following 
-^tc9a % (9.1) 
with 
G%u = diiGl - duG% - (9.2) 
where and are fields representing P® and Pg respectively. 
The P® and Pg couplings to fermions come from the extended technicolor 
theory, which gives a four-fermion type interaction, and thus generates mass term 
for fermions when techni-condensates are formed. Similar to the neutral Higgs field 
coupling to the fermions, which reads 
mc 
^Hff = V 
the coupling of neutral PGB and fermions is given by 
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In General, these neutral PGB couplings will induce flavor changing neutral currents 
(FCNC). In Ellis et al. [40], a monophagic model is proposed. In this model, the 
up-type quarks couple to only one type of technifermions and the down-type quarks 
couple to another type. Then, there is no FCNC due to neutral PGBs. Ellis et al. 
estimated the couplings of P® and Pg to fermions which we give below; 0' 
f 1 
f n 2  
^(pmp75p + nmn75") " 
and 
Aa , _ Ao 
p75  +  " " ^ « 7 5  - 2 ^  
(9.5) 
(9.6) 
where Pjj = 125GeV, p = (u,c,()^, n = ((f,a,6)^, I = (e,/f, r)^, and the 
diagonalized mass matrices for the up-, down-, and charged lepton-type fermions. 
Figures 9.1 and 9.2 show the vertices of P® and Pg coupling to the gluons and 
to the fermions. The constants, F and P', are defined as 







In the monophagic model, GQ = l/2\/3 for quarks, GQ = •v/3/2 for leptons, and 
Gg = VS for quarks. 
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Figure 9.2. The vertices of P»' coupling to the gluons and to the fermions 
